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In the present investigation, studies on MOS solar cells 
tmder concentration and at different temperatures were carried 
oi’.t. For this purpose, MOS solar cells were fabricated on n-type 
silicon with Au, Ag, and Cu as the barrier metals. High open- 
circuit voltages in excess of 450 mY were obtained on Ag solar 
cells. For Cu solar cells, Y^„ was much less 'due to the lower 
barrier of Cu. on n-type Si than Ag or Au. The short circuit 
current density for Ag and Au solar cells vrere found to be very 
high, the highest being 39.0 and 37.4 mA/cm'^ respectively without 
any AilC. For Cu solar cells, the shortcircuit current is lower 
than this and may possibly be improved with the help of suitable 
ant ire fleet ion coating. The fill factor for Au and Ag solar 
cells were generally good, the highest being 0,68 for both. Cu 
solar colls had fill factors in the range of 0.55. Thus Au and 
Ag solar cells had efficiencies much higher than Cu solar cells. 
For gold devices, the highest efficiency was 7.8 percent while 
for silver devices it •.was 9.8 percent withoiit ARC and under 
1.0 Sun illumination. A maximum efficiency of 2.5 percent could 
be obtained for Cu solar cells. Moreover, dependence of the cell 
performance on different fabrication paraa^eters was also 
established. 

Au and Ag solar cells were studied under concentration and 
at different elevated temperatures because of their better perfor*- 
mance at 1.0 Sun and room temperature. The cells were studied as 
such with no optimised grid contact or other modifications which 
have been found to be essential for operation under concentration. 
The opencircuit voltage increased rapidly in the begining and xhe 



increas© slowed down al; higiier con cent rat ions. Tiiis was due to 
an increase in the oxide voltage following an increase in the 
interface state charge with concentration. Due to the absence 
of proper grid contact j the fill factor deteriorated with concen- 
tration. A reduction in the interface state density by careful 
fabrication steps would reduce the recombination current the 
decrease in the fill factor. The opencircuit voltage of the 
devices vrould also then increase more rapidl 3 ^ at higher concen- 
trations, The results of the present investigation are certainly 
encouraging in view of the simplicity of the cell structure. The 
overall efficiencies usually irent down slightly at higher concen- 
tration but increased in one case. It was found that with 
optimised grid contact, it should be possible to operate these 
cells profitably at 50-100 Suns concentration. 

The elfivatod temperature measurements were carried out to 
get an idea of the temperature range in which the cell can be 
effectively operated and to obtain a better understanding of the 
device physics. At higher temperatures, V decreased at the 
rate of 1,60-1.85 mV/°iC and increased at the rate of 

o C 

r P 

0.09 mA/ if/cm'^. The rate of decrease of Y is less than what has 
been found earlier for p-n junction as well as MOS solar cells. 

This is advantageous for operation under concentration. The fill 
factor showed a non-linear decrease with temperature. The cell 
efficiency went down at a slower rate at temperatures close to 
the room temperature. Thus it was found that these cells can be 
effectively used in the temperature range of 500 to 530 
without appreciable degradation in their performance. These 
changes were explained in terms of the changes in the diode current 
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and other device parameters. 

Au, Ag, and Cn cells irere also studied at the liquid 
nitrogen temperature primarily for better physical understanding 
of the devices. Despite some reduction in the light generated 
and hence in the sliortcircuit current, the device performance 
improved significantly at the red-aced temperature. Ihe open- 
circuit voltage and the fill factor of the cells increased 
considerably with an enhancement of the device efficiency. For 
Au cells, the highest V.. obtained at 77 was 710 mV, the 
highest fill factor 0.91 and the highest efficiency?- 16.3 percent. 
The principal reason for this -was found to be a reduction in the 
diode current by many orders of magnitude at reduced temperatures. 



1. lUgRODUmON 


!•! Schottky barrier solar cell 

Solar cells utilizing Romo junctions in Si and be teroj unction 
in GaAs bave already demonstrated their effectiveness in photo- 
voltaic conversion of sunlight into electricity. Recent interest 
in photovoltaic devices originate from the possibility of using 
them for large scale terrestrial application. Because of the 
prohibitive cost of conventional p-n junction solar cells, other 
simpler structures are now being looked into as an alternative. 

Of these, the idea of a deposited metal/semiconductor junction, 
i*e, a Schottky barrier, seems to be attractive. Surface barrier 
devices have several advantages over conventional p-n homo junction 
devices in view of their simple structure and ease of fabrication. 
Shese have been discussed at length elsewhere [1,2], Metal-silicon 
surface barrier photocells were first developed by Mayer [3] and 
Gartner [4] almost two decades back for use as solid state high- 
speed photo- and a-particle detectors. After a considerable gap, 
efforts were revived towards developing Schottky barrier solar 
cells (SB&>C) for photovoltaic conversion. A 3*0 percent efficient 
SBSC using Au-n Si system was reported by Rupprecht and Pampanini 
[5]. On p-Si, Anderson et. al [6] reported a 2.0 percent cell using 
Or as the harrier metal. The main drawbacks of these cells were 
low opencircuit voltages and poor conversion efficiencies. 

1«2 MetaX-’insulator/oxide-semiconductor solar cell 

Deliberate introduction of a thin insulating layer between 
the metal and the silicon was found to improve the opencircuit 
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voltage of 12ie cell to a great extent without affecting the 
shortcircuit current [1,7-11,12]. Kar et. al [l] reported an 
efficiency of 8.0 percent with Au— n Si and 9.8 percent with Ag— n Si 
MOS solar cells. Using room air oxidation, they could obtain an 
opencircuit voltage of 440 mV for gold and 400 mV for silver solar 
cells. Lxllington et. al [7] could increase the opencircuit 
voltage of an Au-n Si cell from 290 mV to 410 mV by using a thin 
interfacial layer. The overall officiency of their Au-n Si MOS 
solar cell was 6.5 percent. Similar results have also been repor- 
ted by others on both n— and p— type silicon using different barrier 
metals [8-11]. A wide variety of oxidation processes have been 
reported by these workers for better control over the oxide thick- 
ness and oxide properties. The interfacial layer should have a 
thickness less than 30 A beyond which the tunneling of carriers 
through the oxide has been found to decrease rapidly [13]. More- 
over, it should be devoid of pinholes and gross inhomogeneity and 
have a low interface state density. The highest reported value 
in the literature of the opencircuit voltage for Au-n Si system is 
550 mV using a deposited oxide [8] and 444 mV using thenaal oxide 
[12]. The highest value of the shortcircuit current deiasity 
obtained so far with ARC is 40.0 mA/cm*^ [ 9 ] and that for the fill 
factor is 0.73 [8]. 

1 .3 MOS solar cells under concentration and at different 
Temperatures 

In the recent years, p-n junction solar cells under concen- 
trated light have been the subject of considerable theoretical and 
experimental investigations. This certainty offers an attractive 
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alternative for reducing liie cost of photovoltaic systems. By 
reducing the ai^a of semiconductor devices required per watt of 
output power f the cost of electrical energy produced can be lowered 
substantially* For this, one has to concentrate sunlight on the 
cell and see that the efficiency of the cell at increased insola- 
tion is not very much deteriorated. Efforts in achieving this 
have been directed towards varying different design parameters of 
the cell and optimizing its performance. For p-n junction cells, 
those include an optimal grid contact, junction depth, and the 
base resistivity apart from different cell structure. Fow that it 
is possible to obtain for HOS solar cells opencircuit voltages and 
efficiencies comparable to those for p-n junction solar cells, a 
systematic study of the former type of devices under concentration 
should be in order* Should this prove to be beneficial, MOS .solar 
cells with their inherent advantage over their p-n junction counter- 
part may lower the cost of photovoltaic power generation further. 

As in p-n junction solar cells, tho series resistance of these 
devices have to be minimized for operation under concentrated light. 
Ihis requires an optimum grid contact on top of the thin metal 
layer, a proper choice of the back ohmic contact metal, the silicon 
resistivity, and the metal layer thickness . 

Studies on p-n junction solar cells under concentration have 
amply been carried out during the last few years. Existing lite- 
rature gives a detailed account of such studies [14]* These were 
carried out with a view to optimize the cell parameters under 
concentrated light for largo scale terrestrial application. Infor- 
mation regarding the opencircuit voltage, the shortcircuit current, 
the fill factor and the efficiency were derived from the measured 



I— V oharacteristics of the devices. G-enerally, the efficiency 
increased by a factor of 1,1 to 1.2 at about 10 Suns and then 
gradually decreased back to their one Sun efficiency at about 40-50 
Suns, But a detailed study of these devices under concentrated 
light, which would bring out the possible variation of other phy- 
sical parameters of the cells at increased illumination levels, 
is yet to be reported, 

The effect of illumination on the shortcircuit capacitance 
of p-n homo junction solar cells have been studied by 3erry[l5] 
and Moore [16], Prom considerations of excess minority carriers 
generated in the depletion region under illumination. Berry 
arrived at a simple formula relating the space charge layer width 
and the shortcircuit capacitance in dark and under illumination. 

The excess minority carrier density in the depletion region was 

found to be 10^^ cm"^. This additional charge was thought to have 

increased the capacitance of the cell and decreased the space 
charge layer width. However, his assumptions were contradicted by 
Moore, who showed that similar expressions could be derived assu- 
ming minority carrier concentration to be zero at the edge of the 
space charge layer. But neither of these workers measured the 
capacitance under illumination as a function of bias. Also the 
level of illumination was not raised above the Sun, If performed, 
those experiments could have provided information regarding any 
possible variation of the built-in-voltage and the carrier density 
with the level of illumination. 

Till date no one has reported studies on MOS solar cells 
under concentrated light, though way back in 1962, Ahlstrom et.al 
[ 4 ] made a study of the silicon surface barrier photocells at 
different intensities and temperatures. The structure studied was 
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150 ^ Au contact on n— type Si. Bie intensity was varied from 
2 

1 to 100 mW/cm and the temperature from -200 °C to 40 °C. They 

reported approximately linear decrease of V with temperature with 

0 c 

^ ~ photocurrent density proportional to the 

the 0.88th power of the incident intensity and logarithmic increase 
"'^oc light intensity. These results were able to indicate 

the nature of change of different cell parameters with changing 
light intensity and temperature* But from the point of gaining 
an insight into the device operation at higher insolations and 
temperatures, they were not of much help. 

Anderson [17] has studied the current-voltage and the capa- 
citance-voltage relationships at varying light intensities from 
0 to 100 for n- In 20 ^/l/p-Si and n-Sn 02 /l/n-Si heterojunc- 

tion solar cells. He observed a photo current suppression in 
presence of a thin oxide layer and it increased with oxide thick- 
ness or illumination level. Thus he inferred that this would 
preclude the use of these or similar devices under concentrated 
light. It will be shown later that this certainly does not hold 
good for rlOS solar cells studied by us. As argued by Ear [l] , the 
interfacial oxide layer, if kept within a certain limiting thick- 
ness, does not cause any photocurrent suppression. This is because 
the diffusion time of the minority carriers through the bulk is 
much larger than their tunneling time through the oxide. Anderson 
also noted an increase in the device capacitance with illumination. 
He attributed it to a reduction in the silicon barrier due to 
increased trapped charges at the potential notch produced by the 
oxide. If the oxide layer is not too thick, such charge trapping 
at the interface may be absent due to reasons mentioned above. 
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Sven thon, "thG silicon barrier may re dues with increased intensity 
because of an increase in the interface state charge. 

Dependence of the various cell parameters on illumination 
level have been studied for a Cu 2 S/CdS solar cell by Bryant et. 
al [is] • They registered a linear increase of the light genera- 
ted current with light intensity from 0 to 140 mW/cm^. The open- 
circuit voltage also increased logarithmically and the fill factor 
showed a slight decrease with increasing light intensity. Prom the 
behaviour of some other parameters they indicated that the barrier 
height at Iho interface changed with intensity* A more definite 
way of reaching such a conclusions would have been to obtain the 
barrier height from a plot of l/C^ against 7 at various illumina- 
tion levels. 

The motivation behind -uhe present study becomes clear in 
light of the above discussion. In the first place, studies on MOS 
solar cells at concentration ratios greater than one have not been 
carried out so far. This is probably because of the notion that 
these colls will not be suitable for this purpose. However, such 
studies are necessary inorder to determine the possibility of 
using MOS solar cells under concentration. Secondly, a detailed 
study of these cells under concentration is necessary to determine 
the dependence of various physical parameters on the concentration 
ratio. It is important to know the performance of cells under 
concentration because they may show a strong deviation from the 
ideal behaviour; This has also not been carried out so far. It 
should bo of considerable interest to study the effect of increas- 
ing incident energy on the various physical parameters such as the 
barrier height, the diode current, and the interface state charge. 



All "these paranic"ters are not independent of one another and any 
change in one may be reflected in a change in the other, ihas, 
an insight into the operation of MOS solar colls under concentra*” 
tion can bo gained fresa such an investigation. 

Another important means of gaining an insight into the 
physical parameters responsible for the action of MOS solar cells 
is "to study these devices at different temperatures. In some 
form or the other, such studios on p-n junction [19] and MOS 
solar colls ha.'ve been reported in the literature. But a compre- 
hensive study leading to a better understanding of the physics of 
the device is lacking. 

Andoi^on and Vernon [20 j have reported "the effect of eleva- 
ted temperatures on a 9.5 percent A1 p Si MOS solar cell. They 
observed almost a linear decrease of the ope ncircuit' voltage, 
the fill factor, and the efficiency of the cell with increasing 
temperature. These studies wore made at an illumination level of 
20 mW/cm . The short circuit current was found to increase at the 
rate of 0*005 mA/cm^/°F over the temperatu3?e range of 25 °C to 
125 °C. The reason for this was believed to be a 0.05 eV decrease 
in the bend gap due to 100 ^0 rise in temperature and a consequent 
improvement in the long wavelength response. But at an illumina- 
tion of 100 m¥/cm , the shortcircuit current may increase at a 
faster rate as has been observed in case of p-n junction solar 
cells [21]. The rate of decrease of the fill factor was 
0.11 percent/°K. This also may be different for increased illu- 
mination levels. The opencircuit voltage went down at the" rate of 
2,3 mV/^lC. The nonideality factor n of the device was found to 
decrease with rise in temperature so that the product nT was 
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independent of the temperature . Prom this they concluded field 
emission to he the dominant mechanism for current transport. But 
n may also change due to a change in the interface state density 
and have little to do with the current transport mechanism. 

Further evidence on tunneling currents was obtained hy inderson 
et. al [22] from a study on an 8.6 percent Cr-p Si MOS solar cell 
over a wide range of temperature. Prom a plot of the diode 
current against the reciprocal temperature at certain bias, they 
concluded that the temperaturo independent portions corresponded 
to a tunneling type mechanism. Ihe temperature dependent portions 
were used to determine the barrier height. 

Cblbrie et. al [23] have performed similar temperature studies 
on an Jil-p Si MOS solar cell using incident radiation of different 
frequencies. Ihey observed about 9.5 percent change in for 
100 rise in temperature . Tho change was independent of the 
generation site of tho carriers. The decrease in with increa- 
sing temperature was explained on the basis of an increase in the 
diode current. This change was found to be in excess of 70 percent 
for 100 °0 rise in temperaturo . They also .suggested that devices 
with smaller barrier heists would show stronger degradation of 
Y with temperature increase. This has yet to be verified. 
Moreover, these wor leers did not attempt a detailed study of the 
device to determine the effect of temperature on various other 
cell parameters . 

These studies were performed with a view that for terrestrial 
applications the colls would hove to operate at elevated tempera- 
tures, This problem can be solved with efficient cooling of the 
device. Even then temperaturo studies are significant from the 
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point of view of setting the temperature range of operation and 
also getting a better physical understanding of the device opera- 
tion. A knowledge of the device performance at elevated tempe- 
ratures is necessary to get an idea about how effective tbe 
cooling system needs to be. iJ.so, the effect of temperature on 
the various device parameters, such as, the barrier height, the 
diode current, and the interface state charge can be known and 
related to the observed changes in Low temperature studies 

may not be relevent from the point of view of terrestrial appli- 
cations. But they can be helpful for a better understanding of 
the current transport mechanisms at different applied bias. Bor 
example, at very low temperatures current may be dominated by 
recombination at low values of bias in absence of significant 
thermionic emission. But at higher applied bias, other mechanisms 
like tunneling may dominate . 

1.4 Scope of present w ork 

The objective of bhe present investigation has been to study 
SB/MOS solar cells under concentration and at different temper a- 
txires. Inorder to do so, initially SB/MOS solar cells were 
fabricated on n-type Si with Au, Ag, and Cu as the barrier metals. 
Various fabrication parameters like the metal la 3 ^r thickness, 
the rate of deposition, and the oxide thickness were varied to 
improve device performance. Based on initial characterization at 
room temperature and under one Sun illumination, gold and silver 
cells were chosen for study under concentration and at different 
elevated temperatures. This would indicate the effectiveness of 
these devices for terrestrial application and lead to a better 



10 


understanding of th.e device physics, low temperature studies on 
gold, silver, and copper solar cells were taken up with the aim 
of gaining an insight into the device operation. 



11 


2. THEOKbiTICiL ANiliTS IS 
2,1 SB and MOS solar cells 

The energy band diagram of a Schottky barrier solar cell 
under illumination has been Sxioim in Fig, 2,jl. The basic princi- 
ple of its operation is thab photons with energy higher than the 
bandgap of silicon excite electrons from the valence band to the 
conduction band. These photo-carriers are separated quickly by 
the built-in field produced by the metal silicon-barrier. The 
metal is in the form of a semitransparent film to let major 
portion of the incident light reach the junction. A photovoltage 
is thus generated which tends to forward bias the device resulting 
in a diode current Ijj. The latter can be seen as the reflection 
of the photocarriers by the photovoltage. For better performance 
of an SB£>C one should choose a metal which would give a high 
barrier either on n or on p-type silicon, ^so the series resis- 
tance of the device, which can have contribution from the spreading 
resistance of the front metal contact, the bulk resistance, the 
grid resistance, and the back contact resistance, have to be 
minimized. Like all solar cells, an SBSC is also characterized 
by the open-circuit voltage, the shortcircuit current, the fill 
factor and the efficiency. A suitable choice of various design 
parameters would lead to an enhancement of these factors and a 
better performance of the device. This hae amply been investiga- 
ted in the recent years [1,2,6,24]. 

While all practical metal-siUcon contacts are inevitably 
separated by a thin layer of silicon oxide (— 10 A) , a slightly 
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thicker oxide has been shorn theoretically [25-27] and experimen- 
tally [7-10,28] to improve the cell performance. The MOS solah 
cell thus formed haS a large reduction in the diode current and a 
consequent increase in the open circuit voltage for a given photo- 
generated current, is has been depicted in ihg. 2.2, the majority 
carriers overcome the sd-licon barrier by thermionic emission and 
the oxide barrier by tunneling. The mechanism of carrier trans- 
port through the oxide becomes very significant because of this. 
The resulting thermionic tunneling current density Jg,rp constitutes 
the major part of the diode current and can be written as [27]: 

’^TT = exp[-q(9^+$jj)/kT], (2.1) 


where the various symbols have the meanings as listed earlier. In 
absence of a significant contribution from the recombination- 
tunneling current via interface states, at opencircuit the light 
generated current can be equated to the thermionic- tunneling 
current. An expression for the opencircuit voltage has been 
obtained by Kar [27,28] from these considerations. This becomes 
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With increasing oxide thickness, reduces and "brings about an 
increase in the opencircuit voltage. Also, depending upon the 
fabrication parameters, m? may increase with t due to rapid 
reduction of the interface state density [29]. This would contri- 
bute towards an increase in Y . But beyond a certain limiting 

oc 

thickness the tunneling time of the minority carriers through the 
oxide becomes larger than their diffusion time through the bulk 
and the solar cell ceases to function effectively [27]. 

Some of the elements mentioned in the theories proposed by 
Ponash [25] and Card et.al [26] are contained in the above theory 
but with appropriate modifications. The idea of diode current 
reduction by the tunneling transmission factor of the oxide 
barrier occurs in the theories put forward by Ponash as well as 
by Card and Yang. These authors made simple as sump tiers re gar ding 
the oxide barrier height and the oxide thickness in calculating 
the tunneling transmission factor T^^^, and treated it as a 
constant. But as discussed by Kar [27], the barrier height and 
the thickness of very thin oxide layers on silicon could be 
influenced by a multitude of factors like the variation in O/Si 
ratio and the image force effect. Moreover, T will critically 
depend on the oxide potential and be a strong function of the 
applied bias [27]. Hence, in real HOS solar cells, a straight 
forward calculation of T„_ may not be an easy task, Ponash also 
suggested the possibility of enhancing by creating a large 
voltage division across the oxide and the semiconductor barriers. 
But as pointed out by Kar [27], the zero bias silicon band- 
bending will also be reduced at the same time that ^^ox""^ox^ 
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increased. Also, tho idea of increasing tiie silicon barrier 
height: by introducing fixed charges in the oxide may work for 
p-typo silicon alone because so far it has not been possible to 
introduce negative fixed diarges into thermal silicon oxide. In 
his theoretical calculations Ponash considei*od the influence of 
different parameters on dark Ijj-V characteristics and predicted an 
enhancement in But it has boon shown experimentally [1,28] tha 

the diode current under illumination differs from its value in dark 
owing to an increase in the interface state charge. Ihis happens 
because under illumination, the minority carrier quasi Permi 
level dictates the interface state occupancy end the oxide voltage 
is increased [27]. This is in direct contradiction to the argu- 
ment of Cferd and Yang[26j who maintain that the oxide voltage 
beoomos negligible under illumination. Those authors considered 
only the change in the tunnel transmission factor to be influenced 
by the interfacial oxide layer- But under suitable fabrication 
conditions, the zero bias silicon band bonding may also be 
increased [29]» 

2.2 MOS solar cells un d er concentration 

is the level of illumination incident on a solar cell is 
raised, the photon flux responsible for generating the electron- 
hole pairs is multiplied. Provided that the spectral distribu- 
tion of the light remains unchanged and the collection efficiency 
of the device is independent of the photon density, this would 
produce a linear increase in the light generated current. At 
sufficiently high intensities, the effect of high level injection 
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may show up. Under such conditions, when the photogenerated 
carrier density beccmes comparahle to the base doping levels the 
base life time may increase. If the series resistance effects 
are small* this may cause superlinear increase of the photocurrent 
with ligh j intensity [30]. .JLso the shortcircuit current would 
increase linearly with the light intensity if the series and the 
shunt resistance effects are small. 

She opencircuit voltage of an MOS solar coll has been 

expressed in terms of the various device pararaoters in equation 

C2»3)» This expression has been derived [27,28] assuming that the 

ro combination tunneling current is zero so that at opencircuit, 

Jp - Jjfp = Jj,* ilso implicit is the assumption that = 0. 

Thus with increase in due to an enhanced incident radiation, 

the opencircuit voltage of the device should go up. But an exact 

dependence of on the concentration ratio is difficult to 

oc 

predict because and are also strong functions of illumi- 
nation lovol. 

Vith. onhancomont of one would expect an improvement in 
the fill factor of the coll. But in many practical devices, the 
series resistance causes the fill factor to go down with increased 
illumination. This is duo to the increased drop across it under 
concentrated light and inorder to keop the drop same at higher 
concentration levels, tho sorios rosistanco should bo reduced by 
a factor of C. The recombination current, which is likely to be 
present at low values of forward bias under illumination, also 
may contribute to the reduction of tho fill factor. 

The overall efficiency of the cell may increase, remain 
tho Same, or decrease with increasing c on contr a. ti on depending 
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primarily on the behaviour of the fill factor. If the reduction 
in the fill factor is ccmpensated by the increase in the open- 
circuit voltagOf the efficiency of the device ■will more or loss 
remain constant. At higher concentrations, i^cn the fill factor 
is likely to decrease faster, reduction in the efficiency is 
expected. 

lo understand the effect of increasing illumination on the 
diode currant and various other devido parajaeters, the energy 
band diagram in 51g. 2.2 of an hOS solar coll under illumination 
has to be referred to. In dark, the major contribution to the 
diodo current comes fresn the thermionic-tunneling current density 
the recombination-tunneling component being small. Under 
illumination, this can be enhanced either due to a large recombi- 
nation current or a lowering of the silicon band bending or a 
cembination of both [27]* ^fjh.e bulk recombination current increases 
following a much factor generation rate of -the minority carriers in 
the quasi-neutral region. Ihe communication time of the carriers 
with the interface states depends upon the rate at which they are 
supplied to the interface. Under illumination, this rate is much 
faster than in dark. In addition, aS the minority carrier density 
at tho interface increases with illumination, minority carrier 
rocombination at tho interface is enhanced. Consequently, the 
interface state occupancy under illumination is increasingly 
influenced by the minority carrier quasi Fermi level while the 
majority carrier quasi Penni level dictates it in dark [27]. For 
n-typo Silicon, tho interface state charge bcccmes more positive 
as a result and the oxide voltage increases • Since for an MOS 
solar cell, ^ero bias siHcon band 
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bending decreases under illumination. G3iis causes an enhanced 
transport of the majority carriers over the silicon barrier, resu- 
lting in an increase in the diode current As more intense 

light is Shan? upon the cell, the recombination current further 
increases due to a larger number of photogenerated carriers 
available. Also, the minority carrier quasi Pormi level shifts 
towards the minority carrier band edge. Ihis produces further 
increase in the interface state charge and hence in the oxide 
voltage* As a result, the silicon band bending keeps on getting 
reduced under concentration resulting in enhanced diode currents. 
Those tend to neutralize the increase of 7^^ due to multiplica- 
tion of Irom equation (2.3, it can be seen that the increase 

in 7^^ would, to some extent, check the increase of 7^^ with 
The opencircuit voltage, therefore, tends to saturate at high 

OC 

concentrations and if 7 ^^ increases at a fast rate, 7^^ may 
doci'oase at higher insolations. 

Tho diodo plots of the device in dark and under various 

concentrations reveal those facts. The opencircuit voltage corres- 
ponds to the forward bias at ^ich the diodo current equals the 
shortcircuit current. Its value obtained from the dark lj)-7 
characteristic is always higher than that obtained from the chara- 
cteristics under illumination. At higher concentrations, the open- 
circuit voltage may correspond to the series resistance dominated 
portion of the plot. This slightly increases tho value of 

7 from the one that would have been obtained had the plot 

been exponential upto the opencircuit voltage. Thus the detri- 
mental effect of the increasing diode current can be somewhat 
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compensated by the series resistance, however the fill factor 
deteriorates , 

The effect of illumination on the device capacitance is to 
increase its value from that in dark. This is expected owing to 
a decreasing silicon hand bending and a reduced space charge 
la 3 <’’er width. The device capacitance would increase monotonically 
aS the concentration ratio is increased due to reasons discussed 
above. The density of photo-excited minority carriers, though 
mainly generated in the quaSi-neutral region, does not in fact 
reduce to zero at the depletion layer edge. [Jnder illumination 
there is always an excess minority carrier concentration in the 
depletion layer. This can add up to' the ionized dopants to account 
for all the charge in the space ci'iarge layer. Hence the slope of ^ 
l/C -T plot would give the total density of the charge carriers ' 

and not the bulk doping density. Since with concentration the ■ 

minority carriers generated keeps multiplying, the slope of 1/c^-T 
plot would dooroaso continuously and indicate enhanced depletion : 
layer charge density. | 

2 *3 M03 jolar cells at d ifferent temperatu ros 

The diffusion length L and the absorption coefficient a 

Jr 

are two important physical parameters which can influence the 

behaviour of silicon MOS solar cells at elevated or reduced 

temperatures , The diffusion length has its temperature dependance 

throu^ the diffusion coefficient and the life time according to 

the relation I * diffusion coefficient, in turn, is 

P P P 

related to -the carrier mobility through the Einstein relationship 

D = p .kT/q. The minority carrier mobility is determined by a 
P P 
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Parallel comMnati on of lattioe scattering, wiiich varies as 

3 /? 

and ionized impurity scattering idiich varies as 1 ' . Por Si 

17 —3 

cells with doping level below 10 cm , the mobility decreases 
somewhat with increasing temperature [31] . Consequently, D 
decreases slightly with temperature [31]* A simple expression 
for life time of the minority carriers can be written as 

= 1/v N. . In Si, the life time has been found to increase 

P p t 

several fold with increasing temperature in the -150 to 150 °C 
range for both n- and p-type samples [32], The combined effect 
of liie life time and the diffusion coefficient with increasing 
temperature is reflected in an improvement of the minority carrier 
diffusion length. Ihis proves to be beneficial so long as L < V, 

ir 

W being width of the sample. At lower temperatures, the diffusion 
length is likely to reduce. Silicon being an indirect bandgap 
material, phonons are required during band to band transitions. 

As the temperature goes up, the phonon density increases and the 
absorption coefficient of silicon in the wavelength of interest 
shows an increase [31]* All these factors contribute towards 
improving the light generated current in a silicon solar coll as 
the temperature is increased. Conversely, a decrease in the 
temperature should cause the light generated current to go down. 

The opencircuit voltage of an MOS solar cell is expected 
to go down rapidly with increasing temperature as predicted by 
T^ exp - [q(<p^^+^r^/kT] term in the diode current. Reverse is true 
for a decrease in the temperature, A simple expression giving the 
rate at which V changes with temperature can be obtained by 
differentiating equation (2.3) with respect to T. Neglecting the 
possible temperature dependence of T°| and for simplidLty, 
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we obtain, 

av^^/ai = (k/q) la (J 3 ./l°|i.*T 2 ) + (l:T/ 4 )(l/jj.)(aJj./aT) 

-(Zk/q). (2.4) 

!IIh.e contribution from the second term is very small and for an 
SBSC, it one takes = 1 and = 40 mi. cm""^, then the contri- 
bution from the first term becomes —1*66 mV/°K for T = 500 and 
-1*71 mV/°K for T = 400 °E. Ihe d.ight variation is due to tho 
vs,riation of Inl with T, The last term equals to 0*17 m¥/*^E* 
Hence d7__/dT is expected to be within -1.8 to -1.9 mV/’^E without 
contributions from the second term, which can only be determined 
experimentally . 

The fill factor of the device is expected to follow the sane 
trend as the opendrcuit voltage, i.e, it decreases with increase 
in temperature and increases when the temperature is lowered. The 
change in the diode current has been found to have pronounced 
effect on tho fill factor of an MOS solar coll [28]. M it 
degrades with rise in tomporaturo , tho shortcircuit current tends 
to deviate from the li^t generated current. In this situation, 
the shortcircuit current may not vary linearly with temperature. 

The overall efficiency of tho device would depend upon all 

tho aforesaid factors and a straight forward relationship of its 

change with temperature may be difficult to predict. However , it 

can be said in general that the efficiency would go down with 

increase in temperature. This is because the increase in tho 

shortcircuit current is not likely to out-weigh the decrease 

in 7 and the fill factor, 
o c 
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The diode current in an MOS solar cell can also increase 
due to a reduction in the silicon hand bending with increasing 
temperature. Ohis may occur due to an increase in the interface 
state charge as the majority carrier Permi level moves towards 
the mid-gap at elevated temperatures, The oxide voltage increa- 
ses and 1iie silicon band bending is reduced as a result. At low 
temperatures, the opposite is likely to happen producing an 
increase in the silicon band bending. The device capacitance may 
be influenced by this change in the silicon barrier and hence in 
the depletion layer width. One can expect a higher capacitance 
at hi^er temperatures and the density of ionized impurities is 
not likely to change except at very low temperat'jires when the 
ionization may be incomplete . 
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3. BXPBRIMBNTjJQ PROGBDUEB 
3 • 1 . Fabrication of SB/MQS solar cells 

The essential steps involved in the fabrication process and 
their sequence are outlined in Fig. 3.1» For Schottky barrier 
solar cells, these are surface cleaning, back ohmic contact evapo- 
ration and evaporation of thin barrier metal at the front 
followed by evaporation of thick contact pad. Fabrication of MOS 
solar cells consists of an additiona,! step, namely growing an 
intcrfacial oxide layer. All the fabrication steps were carried 
out in clean room environment using clean benches and vacuum 
systems equipped with liquid nitrogen traps to ensure better 
reproducibility and device performance, 

3.I.I. Surface cleaning 

Since it is the starting process in the fabrication process, 
surface cleaning is perhaps the most critical among all the fabri- 
cation steps. Ihe processing was carried out on monocrystal 
silicon wafers with«lll> crystal orientation. These had one 
side polished and the other lapped, thickness of about 250 microns 
and resistivity ranging from 0,2 to 13.0 Ohm. cm. with boron doping 
Surface cleaning consisted of degreasing with organic solvents 
and etching with acids in a clean chemical bench. The steps 
followed in sequence are listed below. 

i) The wafer was treated in warm trichloroethylene for about 

2 minutes to remove greasy materials, if any, from the wafer 
surface and then in warm acetone for 2 minutes to remove traces 
of trichloroethylene. This was followed by warming in methanol 
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for 2 minutes to remove traces of acetone. 

ii) fhe degreased wafer was then rinsed in deionized water and 
etched in HP to remove ahy oxide layer present on the wafer 
surface . 

iii) This was followed by rinsing the wafer several times in 

deionized water to remove traces of HP. 

. 0 

iv) in oxide layer 50-60 A thick was then grown on the clean 
silicon surface by treating it in warm HETO^. This step was 
necessary to reduce any possible mechanical damage on the 
silicon surface. 

v) The wafer was then rinsed in deionized water several times to 
remove traces of HHO^, 

Vi) The grown oxide layer was finally etched off in HP, thus 
reducing the mechanical damage on the wafer surface, 
vii) PLnally the wafer was rinsed several times in deionized water 
to remove traces of HP. i 

The steps (iii) and (v) were necessary to prevent any chances 

i 

of the silicon surface getting etched for this would damage the : 
flatness of the surface. The cleaning, if properly carried out, ] 
should render the polished surface hydrophobic, i.e. there should 
not be any beads of water sticking anywhere on the polished surface 
After this had been achieved, the wafer was ready for further 
processing. 

3.1.2. Metallization 

The metallization step consisted of evaporation of the back 
ohmic contact, the front barrier metal and the thick metal pad 
from tungsten filament sources in a vacuum system equipped with 


24 


rotary oil pump and oil diffusion pump, Vftiile majority of the 
devices were fabricated in a vacuum system (G-rainville phillips Co, 
USA, series 252) having a digital quartz crystal thickness monitor 
(Perkin Elmer, USA, Model 605-1210), some of the initial fabrica- 
tion was carried out in a Hind High Vacuum Company, Model 12A4 
Vacuum system, !Ehe latter had a greater leak rate than the 
former and no in-process thickness monitoring arrangement, liquid 
nitrogen traps were always used with rotary and difdfusion pumps 
to reduce contamination dProm oil vapours. 

The metals evaporated on n-type silicon were Au, Ag, and Cu 
for the front barrier and il and Cr for the back ohmic contact. 
Earlier work [1,2] had established the superiority of these metals 
over others as better barrier and back ohmic contact metals 
respectively, on n-type silicon. Vftienever Cr was used, it was 
covered with a protective layer of Au to avoid oxidation. The 
metals had 5II purity and wore obtained in form of wires, 1,0 to 
1,5 nun in diameter. Cr could be obtained only in form of small 
pellets and while most of these metals melted before evaporation, 
Cr slowly sublimed. Evaporation data of different metals have 
been listed else^diere [l] . Au and £L on melting wets tungsten 
filament easily and hence could bo evaporated from tungsten helix. 
In fact, A1 alloys with tungsten after melting and chances of 
contamination from the filament incieases. Cu could be evapora- 
ted from a conical basket. But for Ag, which does not wet 
tungsten, a tiny piece of molybdenum was used to plug the bottom 
of the basket to hold the charge. Since different metals 
evaporated in the same system, precautions to avoid cross contami- 
nation were taken. 
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Btie tungsten filaments were thoroughly degreased in trichlo- 
roethylene, acetone and methanol prior to out gassing in vacuum ty 
passing currents higher than that needed for evaporation. The 
metals wi-ai the exception of C5r, were taken in the form of wires 
of about one inch in length and thorou^ly degreased in wann 
trichloroethylene, acetone and methanol before loading into the 
chamber. These were first melted by slowly increasing the 
current throu^ the filament while a shutter was placed in between 
the filament and the substrate. The source to substrate distance 

I 

was always kept more than 10 cm so as to reduce substrate heating anc 

to have a more uniform film. Evaporation on the polished silicon 

surface through aluminum masks with holes of different diameters 

was then accomplished by removing the shutter and increasing tte 

current to the required value. The rate of deposition could be 

controlled by controlling the curront and reading it off from a 

digital display. Its value during formation of the thin barrier 

o . 

metal layer was usually hold around 1.0 Vsoc for Au and Gu. Tho 
barrier metal contact was 1.0 or 2,0 mm in diameter and had 
thickness in the range of 40-100 1 . The slow evaporation rate 
was to ensure better structural properties of the evaporated film 

[33] . But for Ag thin films the rate of deposition was kept 
around 2, 0-6.0 S/sec since these films have been reported to have 
better electrical properties when the deposition rate was high 

[34] . It will be shown later that this has also been borne out 
by our investigation. 

The thick contact pad with diameter of 0.5 ot 1.0 mm 
depending on the diameter of the thin dot, was deposited in the 
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middle of the latter through aluminum masks. It was observed that 
the thick dot, if evaporated partly on the thin dot and partly on 
the bare silicon, causes a reduction in the opencircuit voltage of 
the cell. !Chis could be due to a reduced metal silicon barrier 
height fvT the thick metal pad on the polished face of the wafer. 

found to increase to the expected value after removal of 
the shorting caused by the thick dot. The rate of deposition for 
the back contact and the thick dot was kept at around 10.>0 1/sec. 
During all evaporations, the chamber pressure was kept well below 
l.Oxlo”^ torr. 

3.I.5. Oxidation 

Oxidation of the silicon surface was mostly carried out in 
clean room air and at room temperature. This was done immediately 
after deposition of the back ohmic contact. Room temperature oxida- 
tion of silicon surface has been reported in the literature [35] 
and successfully employed in the fabrication of silicon MOS solar 
cells [1,36]. Oxidation time was varied in between 40-90 hrs 

since it has been reported [l,2] that an interfacial layer of 

0 

thickness in the vicinity of 20-24 A is best suited for improving 
the solar cell performance. During oxidation, the wafers with 
back contact were kept in a clean weighing bottle. 

3.2. Measurements 

3. 2.1. Oxide layer thickness, metal layer thickness and transmittance 

o 

Bare silicon surface grows an oxide layer, about 10 A thick 
upon exposure to room air at room temperature. Subsequent increase 
in oxide thickness bears a parabolic relationship to the time as 
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has been measured with an ellipsometer and reported in the 
literature [35]* !Qiese empirical data were used to obtain an 
idea about the oxido thickness, though these values may not be 
very accurate. 

Th. metal layer thickn ^ss were obtain )d frcM the digital 
display of the quartz crystal thickness monitor. To find the 
transmittance of the deposited films, deposition was made on 
clean glass slides at various rates. The shortcircuit currents 
of a standard OCDI solar cell were then measured under iMI illu- 
mination with and without glass slides in between the tungsten 
lamp and the cell. The transmittance on glass slides of the metal 
films could be obtained from this assuming the shortcircuit 
current to be proportional to the transmitted light intensity. 
Correction for the transmittance of a bare glass slide was 
made for more accurate data. However, these transmittance values 
may be different for the metal films on silicon. 

3-2.2. Characterization of the solar cells 

The solar cells fabricated were characterized by measuring 
the photogenerated current-voltage characteristics, the diode 
current at different values of the applied bias and "the capaci- 
tance-voltage characteristics both in dark and under illumination. 
These measurements were carried out a,t room temperature for 
initial characterization. Subsequently, some of the devices were 
measured under concentration and at different temperatures. 

3 . 2 .2 .1, Room temperature measurements 

The device was placed on a copper block with a linely 
machined top surface, which formed one contact terminal. The 
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other contact was made from the top on the thick metal pad at 
the front with the help of a telescopic spring probe, fo 
pro^vent temperature of the cell from going up during measurements 
under illumination, the copper block was kept partially submerged 
in a conitantly circulating pool of water at room temperature. 

Care was taken to prevent any lateral movements of the block 
after the top contact was made. A tungsten filament lamp was 
used to simulate AMI illumination in the laboratory, the illumina- 
tion level being chocked with the help of a standard 0011 solar 
cell. For measurements in dark, the whole set up was enclosed in 
a shielded li^t tight box. 

3 .2,2 -.2 . Measurements under concentrated light 

The level of illumination could be increased from 1,0 Sun 
to about 11.0 Suns with the help of a special tungsten filament 
lamp whose intensity could be changed by varying the voltage 
through a variac. At higher concentrations, water had to be 
circulated at a faster rate around the copper block to prevent 
any temperature rise. The temperature of the front surface of 
the cell Was assumed to be the same as that of the copper block, 
though this may not really hold good as has been observed by 
Goradia et. al [57]. The temperature of the water was monitored 
with a thermometer. Care was taken not to let the water come in 
contact with the cell in which case the back contact had the 
chance of getting damaged. 
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3*2-2 .5. Measuremieiits at different •faempera'fc u.res 

A simple heating arrangement consisting of two polished hrass 
discs with a heating element wound on a mica sheet in between was 
employed. 2his was placed in a hollowed out teflon block in 
which it fitted closely. The cell was placed on top of the 
upper brass disc, the temperature of which could be accurately 
measured with the help of a chromed—alumel thermocouple and a 
Leeds and lorthrup type 8691 millivolt potentiometer. Measurements 

i 

were made only after the temperature had stabilized. Deviations 
from this temperature when the set up was ■ used under Illumination 
were checked. The illumination level was held constant during 
a particular set of measurements, low temperature measurements 
could not be made due to the problem of undesired increase in | 

the diode current because of condensation of moisture on top of the i 
cell at near zero temperatures or reduction of the shortcircuit j 

current because of ice formation at subzero temperatures. i 

1 

However, measurements at liquid nitrogen temperature could be made | 

I 

by placing the copper block mounting the cell in a styrofoam enca- i 
sing and "lOuring liqtfLd nitrogen into it till the temperature had 
stabilized. 'Free evaporation of nitrogen gas mostly prevented 
formation of ice on top of the cell. For each of the set ups 
described above, the following measurements were made on the solar 
ce 11s » 

3 . 2.2 .4 . Current-volt age me asuroment s 

The photogenoratod current-voltage characteristics of the 
device were measured using a set up, the circuit diagram of which 

is shown in iig. 3.2(a). The Iopk^ armss o,-.+rs 
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to be Varied to got th.e current and the corresponding voltage* 

Prom the plot of current against voltage on a linear graph, 
various parameters like 7^^, ard P characterizing the cell 

could be obtained as has been the usual practice, 

Ihe circuit diagram of the set up used for measuring the 
diode currents at various values of the applied bias is depicted 
in Pig, 3*2(b). Measurements were made both under illumination 
and in dark. The diode currents under Ill umin ati on were found 
by subtracting the terminal currents from the shortcircuit current. 
These along with the device current in dark were plotted against 
the voltage on a semilogarithraic graph. The diode nonideality 
factor n was found at different values of the bias according 
to the relation, n = (q/kT) (d7/d Inl), 

The openoLrcuit voltage was obtained from the 1^-7 charac- 
teristics by reading the forward voltage at which the diode 
current under illumination was equal to the shortcircuit current. 
The series resistance was obtained from tho linear range of the 
dark 1-7 characteristics. Por SB solar cells, the reverse satu- 
ration current was obtained by extrapolating the exponential region 
in tho Ij)“7 plot to zero bias. This was used to deteimine Ihe 
barrier height and hence the opencircuit voltage from 
Voc = ^ (^b-0-5 V). 

3 . 2,2.5. OaPacitance -voltage measurements 

The capacitancc-voltage characteristics were measured using 
a Boonton 94C-S18 model capacitance bridge and Yamuna 1010 
digital voltmeter as schematically depicted in Pig. 3.2(c). The 
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moasurom^nt frequency was fixed at 100 Idlz and the ac voltage 
of the bridge was adjusted to 14-15 mV peedt-to-peak so as not to 
cau.sG mueda inaccuracy due to the non-linoar charge -volt age 
characteristics of the device. Ihe device capacitance was 
measured starting at high reverse bia,s, going towards zero-bias at 
regular bias intervals, and then at small values of forward bias. 
The plot of squared reciprocal of the capa.citance against the 
bias Was a straight line, the slope and the intercept on the bias 
axis of which could be related to the doping density and the zero 
bias silicon band bending respectively by the relations [l]s 

= 2/(q.eg.d(l/C^)/dV) and 4^ = (kT/q)ln (Nq/N^) 

and 9 ? = Venter cept ” n-type silicon. 

Subsequently, the silicon barrier was obtained from, 


for n-type silicon 
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4. RSaULlS MD Discussicasrs ' 

4.1 Room tem-peratiire measurements on Au. Am, and Gu. SB/MOS solar 
cells 

4.1.1. G-o ld solar cells 

Solar cells with gold as the barrier metal were fabricated 

on n-type single crystal silicon wafers with bulk resistivity of 

5-7 Ohm. cm. ill these cells had il back ohmic contact. Table 

4.1 presents a summary of the experimental values of important 

parameteisof these cells. The metal layer thickness was varied 

from 40 to 60 % since Au films in this thickness range have been 

found to be continuous [l] . This, in general, resulted in high 

shortcircuit current densities • The highest shortcircuit current 

density obtained without ARC has been 37.4 mi/ cm . The effective 

areas of the devices were measured under a microscope. The rate 

o ^ 

of evaporation was in between 1-2 A/ sec. The values of trans- 
mittance were obtained from the measured data of films deposited 
on glass slides. Tigure 4.1 presents a plot of the transmittance 
against the metal layer thickness for different deposition rates 
of AU films on glass slides . The transmittance for metal films 
on silicon may be different from these values , and therefore the 
values of T in Table 4.1 may not always correspond to the measured 
shortcircuit current density. The open circuit voltages for these 
devices were around 500 mV at room temperature which is expected 
for devices with t^„ in the vicinity of 10-13 A. The highest 

value of V obtained was 347 mV for a device with t^^ approxi- 
oc 

mately equal to 16 A. The devices, in general, show a reasonably 
good fill factor in the vicinity of 0.60, the highest being 0.67. 
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Inspite of the low opencdrcuit voltages, the overall efficiencies 
for these devices ranged from 5*0 to 7.8 percent, lEhe value of 
the series resistance obtained from the linear portion of the 
diode current-voltage plot is generally low, the lowest value 
obtained so far being 0.09 Ohm for an area of 1 can^. 

IHie measured I— V characteristics for some of these devices 
have been presented in Pig. 4.2. ELgures 4.3 and 4.4 depict the 
diode current- volt age plots for devices Au 21 and Au 29 respectively. 
While the former device shows near ideal exponential relationship 
with n = 1.53 in dark, the latt.cr shows significant deviations 
from it. Por this, the factor n is a function of the bias and 
an exponential current-voltage relationship is absent. In case 
of device Au 21, both the dark and the illuminated characteris- 
tics are essentially exponential upto the opencircuit voltage. 

Iho diode current under illumination does not differ much from its 
value in dark. The values of the zero bias silicon band bending 
in dark and under illumination have been obtained from the 

reverse saturation currents. Those values agree well with those 

2 

obtained from the l/C -Y plcts, cf. Tables 4. 2 and 4.3. These 
data indicate that the oxide is largely transparent to the 
majority carrieis and that the metal Permi level is pinned to the 
interface states. Also the value of V obtained from the values 
of n and under illumination matches quite well with that 
obtained from the I-V characteristic. On the other hand, in case 
of device Au 29 » the barrier heists could not be obtained from 
the In plots due to a non-exponential behaviour. Also 

under illumination, the diode current is much larger than that 
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in dai'k wlaich may result frcm a large density of recombination 
current and a lowering of the silicon barrier under illumination, 
cf, Table 4 •3* Table 4»2 contains the data obtained from the 
Plo'ts . It can be seen that n at Ijj = under illumina- 
tion is usually greater than or equal to its value in dark. In 
some cases, n increases with the opencircuit voltage but this is 
not valid always. The values of opencircuit voltage obtained 
from the forward voltage, for which I-,-, = I generally match 
with the observed values only under illumination. 

Table 4*3 gives the values of the doping density and the 
silicon band bending at zero bias obtained from the measured 
capacitance data* Two typical 1/C^ -V plots for devices Au 15 and 
Au 29 are presented in lig. 4.5 • ITom this as well as from Table 
4.3» it is evident that a higher band bending under illimiination 
corresponds to a higher opencircuit voltage which is expected 
from equation 2.2. Also, the silicon band bending goes down imder 
illumination due to an increase in the interface state charge [27], 
and the doping density values agree well with those obtained 
from the resistivity data. 

4.1.2 Silver solar cells 

The results of measurements on typical ig solar cells have 
been summarized in Tables 4 . 4 - 4 . 6.- The cells had aluminium as the 
back ohmic contact, and the effective are a^ he indicated below 
Table 4 . 4 . The silicon resistivity was 3-7 Ohm. cm. It can be 
seen from Table 4.4 that high opencircuit voltages in excess of 
450 mV can be achieved for these cells. liguro 4.6 presents the 
measured I— V characteristics for solar cells Ag 18, Ag 10, Ag 35, 
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and Ag 15* The rate of evaporation during the deposition of the 

0 

harrier metal layer was in he tween 2-7 A/sec. This gave better 

fill factors along with high opencircuit voltages , High short- 

circuit current densities were obtained even with relatively 

thick metal layers. In case of device Ag 7 which had a film 

thickness of 42 2., the shortcircuit current density without AEG 

2 

reached 59.1 mA/cm , Ihis compares very well with the highest 

o 

reported value of 40 mi/cm'^ for J in the literature [9]« This 

indicates that Ag thin film have a high transmittance. On the 

other hand, when the metal deposition rate was below or aro\md 
0 

1.0 i/sec, the fill factor was poor. This shows that higher 
deposition rates for silver give better electrical properties of 
the devices. The reason may be that re crystallization of silver 
films is favoured under such conditions [34] • Silver solar cells 
exhibited high efficiencies and the highest obtained so far is 
9.8 percent under AHl insolation and without AR.0. This compares 
fainly well with the results obtained earlier on Ag [l] and Au [8] 
MOS solar cells. The series resistance in most of the cases 
could not be found out from ■’’he diode currer t— voltage plot in dark 
due to the absence of a linear region. But its value for the 
devices, where it was possible to calculate it, has been found to 
be low, cf. Table 4.4. The opencircuit voltage for device Ag 27 
showed an increase with time after the contact had been made with 
the spring probe. It increased from an initial value of 460 mY 
and saturated at 498 mV. All the measurements on this cell were 
made after this. Though the reason for such a phenomenon is not 
clear at this stage, a large density of interface state might be. 
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in some way or the other, related to it. However, an opencircuit 

voltage of 498 mV is the highest value so far reported for MOS 

solar cells on n-t 3 fpe Si using non-deposited oxides. The low 

o 

shortcircuit current density for this device is due to a 95 A 

thick metal layer and the poor fill factor may he due to a high 

series resistance. At this point, it may he mentioned that had 

the highest value of V , F, and J ^ been obtained on a single 

o c sc 

device, an efficiency of 12,9 percent would have been possible 
without AfiO under ilil illumination. 

Table 4*5 lists the data obtained from the diode current- 
voltage characteristics for some of the silver solar cells. A 
typical such plot for device Ag 16 has been presented in ELg, 4.7. 
This shows a double exponential type relationship for the dark 
diode current-voltage characteristics. The factor n for lower 
values of forward bias is more than that at higher bias values . 

The reason may be a predominant recombination current component at 
lower values of the bias. Using the linear range at higher bias 
region, the series resistance of the cell was calculated. This 
came out to be 0,18 Ohm. cm which is the loxfest value of the 
series resistance obtained on silver solar cells and its effect 
is reflected in the high value of the fill factor for the device. 
The diode current under illumination is not much different from 
that in dark. The values of n and the opencircuit voltages 
obtained from the Ip—V plots for Ag solar cells follow the same 
trend as in case of Au devices. The discrepancy in the value of 
Y obtained from I-V and plots for some of the sliver 

cells could have been due to a change in the device characteris- 


tics with time. 
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The doping density and tiie silicon band bending as obtained 
from the measured capacitance have been listed in Table 4.6. Two 
typical l/C -V plots for devices ig 21 and 16 have been presen- 
ted in Fig. 4.8. 03ae doping density, in general, is well within 
the range obtained from the resistivity data. The silicon band 
bending (p? at zero bias as well as <p? under illumination 
increase with the oxide thickness. This pantly explains the 
increase in the opencLrcuit voltage wj.th the oxide thickness . Also 
reduction in T^^ with increasing oxide thickness is likely to 
contribute towards enhanching 7 . But as suggested elsewhere 

[28], the barrier metal also may influence the oxide pot'^ntial 

0 c 

barrier profile, change T , and modulate its influence on 

O.X. o c 

Even for the same barrier metal, contribution of will vary 
from one MOS solar cell to the ot]jor depending on the fabrication 
steps. 

4 • 1 • 5 Coppe r solar cells 

The experimental results obtained on Cu SB/kOS solar colls 
have been listed in Tables 4. 7-4. 9. Like Au and Ag solar colls, 
these devices were also fabricated on n-type single crystal 
silicon wafers. Ihe resistivity of silicon for devices Cu 3 and 
Cu 27 was 3-7 Ohm. cm, for devices Cu 10, Cu 13 and Cu 16 it was 
7-13 Ohm. cm, while for device Cu 17 it was 0. 2-1,0 Ohm. cm. Device 
Cu 10 had Cr-Cu and device Cu 13 had Cr for back ohmic contact. 
Devices Ou 3 and Cu 27 had A1 and devices Cu 16 and Cu 17 Cr-Au 
back contact. 

The open circuit voltage is low for those cells and this is 
expected because of a lower barrier for Cu on n-typo Si than that 
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for Au or ig. However, data in Table 4.7 shows that with increa- 
sing oxide thickness 7^^ increases. The short circuit current 
density for these cells is lower than that for Au or Ag cells. 

This is not unexpected since Cu thin films have lower transmi- 
ttance compared to Au and Ag thin films. The current can be ; 
enhanced by a suitable choice of antireflection coating. These 
cells have low series resistance. But even then the fill factor 
is not very good due to low opencircuit voltage of the devices. 
Measured I-Y chanactori sties of devices Cu 13 and Cu 3 are 
presented in Pig. 4.9. 

ligure 4.10 depicts the diode current- volt age characteris- 

o 

tics of device Cu 27 which had a 10 A thick oxido. The other 
diode current-voltage characteristics on the same figure corres- 
pond to the measurements at the liquid nitrogen temperature. This 
will be discussed later. At room temperature, the behaviour is 
essentially that of a Schottky barrier with n equal to 1.04 in 
dank as well as under illumination. The diodo current under illu- 
mination is not very different from that in dark indicating low 
interface state density. The barrier height obtained from satu- 
ration current data agrees well with that obtained of l/C -T plot 
under illumination, cf. Table 4.8 and 4.9. Almost similar 

0 

results have been obtained for device Cu 3 which also had a 10 A 
thick oaiic [l] , But the diode current-voltage characteristics for 
device Ox 13 with 20 A thick oxido were found to be somewhat 
different from those for Cu 3 or Cu 27. In this case, n is higher 
and the characteristics far from ideal. The barrier height could 
not be calculated from the saturation current data bocanso of 
this. The difference between the diode currents in dark and 
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under illumina'tion is also large. Table 4.8 whicli presents data 

similar to those in Tables 4.5 and 4.2 shows that n at 1^. = I 

i) sc 

increases with oxide thickness. Also the values of V obtained 

oc 

from the forward voltage for which the 1^, = I under illumina- 

Jj sc 

tion and those using the values of n and the barrier height 
under illumination match closely with the observed values, 

A typical l/C -7 plot for device Gi 27 has been presented 
in Sig. 4.12. The upper most plot results from the measurements 
at 77 and will be dealt with later. Table 4.9 shows that the 
doping densities obtained are well within the expected range and 
that the band bending decreases with illxmination and increases 
with the oxide thickness. The trend in similar to that for Au and 
Ag solar cells and the increase in 7 with the oxide thickness 
can be partially accounted for by this. 



important experimental results from SB/MOS solar cells with m as the 
harrier metal on n— type silicon. 
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Table 4,2 s Experimental values of n, 0® , and of SB/MOS solar cells with Au as 
the barrier metal on n-type silicon. 
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Table 4*4 s Important experimental results from SB/MOS solar cells 
with i]| as the barrier metal on n—type silicon. 


Device 

■*^ox 


Rate of 
deposition 

Y 

00 

J 

sc 

I 

ri 

R 

s 


(A) 

(A) 

(a/ sec) 

(mY) 

2 

(mA/cm ) 


(%) 

2 

(Ohm. cm ) 

Ag 7 

13 

42 

1.6 

162 

39.1 

0.45 

2.8 

1.20 

Ag 21 

22 

107 

5.4-5 .1 

400 

25.6 

0.53 

6.4 

- 

Ag 18 

22 

85 

3.4-5.! 

415 

29.5 

0.56 

6.9 

- 

Ag 10 

22 

85 

1.6 

421 

33.1 

0.55 

7.7 

- 

Ag 47 

22 

91 

2. 6-3. 4 

453 

23.0 

0. 66 

6.9 

0.88 

Ag 35 

22 

91 

1.7-3. 4 

457 

26.1 

0.64 

7.6 

0 .66 

Ag 19 

24 

85 

3.4-5 .1 

466 

28.6 

0.63 

8.4 

- 

Ag 15 

24 

81 

2.1 

490 

30.2 

0.61 

9.0 

- 

Ag 16 

24 

81 

2.1 

492 

29.3 

0.68 

9.8 

0.18 

Ag 27 

24 

95 

6.7 

498 

22.6 

0.52 

5.9 



The effective area of devices 21, Ag 18, Ag 19, Ag 16, and As 27 

2 2 

was 2,lxlO~^ csa^ f for devices Ag 7 and Ag 10 it was 2.2x10 cm , 

-2 2 

and for devices Ag 47, Ag 35, and Ag 15 it was 2.3x10 cm . 
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Table 4,6 i Doping density Np and zero bias band bending obtained from measured 
capacitance of Ag solan cells in dark and under illumination* 
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Talkie 4.7 • Important experimental results from SB/MOS solar cells 




with 

Cu as the barrier 

metal on 

n-type 

silicon. 

Devi ce 

^ox 

(A) 

■^m 

(A) 

Rate of 
deposition 

(2/sec) 

(mT) 

■'so 

2 

(ml/ cm 

R 

) 

(%) 

R 

s 

2 

( Ohm . cm ) 

Cu 3 

10 

77 

- 

165 

23.5 

0.58 

2.3 

0.22 

Cu 27 

10 

87 

0.6-1. 4 

185 

24.3 

0.55 

2.5 

0.63 

Cu 17 

18 

- 


262 

14.5 

0.56 

2.1 

0.29 

Cu 13 

20 

- 

- 

284 

23.0 

0.38 

2.4 

3.70 


-2 2 

The effective area of all these devices was 2,3x10 cm 


Table 4p8 : Experimental values of n, 0®, and of SB/MOS solarcoells raLth 

XX w C 

as the barrier metal of n-type siliccm. 
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4 • 2 . SB/MOS solar cells under concentrated light 

Table 4.10 presents a summary of the important results 

obtained under concentration on 3B/M03 solar cells with Au and Ag 

as the barrier metals. These data have been obtained from the 

measured I-¥ and characteristics of the devices, cf. Pigs. 

4.15? 4.15? 4.18, 4.19? 4.20, and 4.22. It has been assumed that 

the shortcircuit current density is directly proportional to the 

level of illumination. The variation of Y , P, and ri with concen- 

oc 

tration for devices Au 21 and Ag 16 have been presented in Pigs, 
4.14 and 4.23. These plots and the values in Table 4,10 reveal 
that the opencircuit voltage of all the cells increase with concen- 
tration. The increase is rapid in the begining and then tends 
to saturate at concentration ratios greater than 10. As indicated 
in section 2.3? ¥ increases because of enhanced light generated 
current. But the improvement is diminished because of an increase 
in ¥°° cf, equation (2.3). The highest measured opencircuit 
voltage has been 539 iii¥ for device Ag 16 at a concentration of 
10.5 3uns. 

Table 4.10 shows tlie variation of the fill factor with concen- 
tration. In general, it decreases at higher illumination levels 
with the exception of device Ag 19? for which it increases from 
0.63 at 1.0 Sun to 0.65 at 2.7 Buns. Even for the devices where 
it goes down with concentration, the rate of decrease varies from 
one device to the other. This certainly is related to the series 
resistance of the device. As mentioned in a ection 2.3, this 
parameter is mainly instrumental in affecting the fill 
factor at higher levels of inclination. But in the present 
investigation, no attempt has been made to reduce for 
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pplication under concentrai:iorL. For devices Ag 16 and Au,21, ilie 
ories resistance is low and the fill factor initially good. The 
ate of decrease of the fill factor is slower for device Ag 16 
lan that for Au 21. This is compatible with the faet that the 
ormer device has a lower series resistance than the latter, 

3 vice Au 28 has a hi^ier series resistance and this is reflected 
1 its lower fill factor at 1,0 Sun and also on the faster deterio 
ition with increased insolation. For device Ag 19, the series 
sistance could not be obtained from the dark I-V characteristics 
the forward direction since a linear range was absent. However, 
s value cannot be large because the fill factor does not 

teriorate at an illumination level of 2,0 Suns and increases 

ightly at 2.7 Suns, of. Fig, 4.19. 

The overall efficiency, listed in Table 4.10, varies with 

tration in a manner determined by the variation of V and 

o c 

r device Au 21, it goes through a peak since for this the 
ion in the fill factor upto a concentration of 4.0 Suns 
to be more than compensated by the increase in the open- 
t voltage. With further increase in the illumination level, 
encircuit voltage tends to saturate, the fill factor 
es faster and so does the efficiency. For device Au 28, 
ficiency follows the same trend as the fill factor and goes 
apidly with concentration. Tho efficioncy of device Ag 19 
an increase with concentration since the opencircuit 
e and the fill factor improve with concentration upto 2.7 
But its behaviour at higher concentrations could not be 
d because of the lack of experimental data. Device Ag 16 
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lias an efficiency of 9»8 pencenl; af 1.0 Sun level and due to 
deterioration of the fill factor, goes down slightly at higher 
concentrations. However, its value renains close to 9 percent at 
10.5 Suns. Thus it appears that with the exception of device 
Au 28, all these cells have reasonably good performance under 
concentrated light. At this point, it nay be mentioned that none 
of the above solar colls has a specially designed grid contact 
which is essential for reduction of the series resistance while 
operating under concentration. Hence better perfoimance can be 
expected out of these or similar solar cells under concentration 
if proper grid contacts are used on top of the barrier metal 
layer. 

Figures 4.15 and 4.20 present the measured characteri- 

stics for devices Au 21 and Ag 19. The effect of the oxide 
thickness on these characteristics can be seen by comparing them. 
Device AU 21 has a 10 i thick oxide and the plots in dark as 

well as imder illumination at 1.0 Sun are exponential upto 
This indicates that the metal fermi level is pinned to the inter- 
face states and that the oxide barrier is largely transparent to 
the majority carriers. The low opencircuit voltage is typical of 

Au-n Si SB solar cells. But the plot for device Ag 19, 

o 

which has an oxide thickness of about 22 A, is much different from 
this. There is no single n and its value at opencircuit under 
normal insolation is larger than that for device Au 21. Both the 
plots vividly demonstrate the effect of increased illumination 
on the diode current of an BB/MOS solar cell. It always increases 
with illumination level and brings about a reduction in the 
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opencircuit: vol"bagG. 'This can be obtained by reading off tlie 
forward voltage at which the shortcircuit currents for various 
concentrations equal the respective diode currents. Table 4.10 
shows that these values obtained from the dark characteristics 
are gener'^.lly hig.ier than those obtained from the I— V mleasureiitents. 
But those obtained from the characteristics under illumination close] 
match with the obseived values in caso of device Au 21. The 
discrepancy in case of devidse Ag 19 could be due to a rapid 
degradation of the cell on exposure to the atmosphere. The 
oponcircuit voltage mi^it have actually gone down at the time of 
Ijj-V measurements, as the values obtained therefrom show. The 
decrease in V due to an increase in the diode current is 

O w 

slightly made up by the fact that the opencircuit voltages at 
higher concentrations correspond to the series resistance domina- 
ted regions in the Ijj-V plots. For device Au 21, the plots 

even at higher concentrations have an exponential region which 


donot extend upto tho oponcircuit voltage. Had these been so, 
the opencircuit voltage obtained would have been smaller. For 
example, at a concentration of 6,2 duns, tho forward voltage of 
which the line intersects tho extrapolated Ip-V character- 
istic is 522 mY, But from the actual plot, the corresponding 

voltage is obtained to be 350 mY which is close to the observed 

Y of 355 mY. However, the fill factor undergoes a faster 
o c 

deterioration at higher concentration and had there been no series 
resistance, its value would have beon higher at the expense of a 


lower Y 


Thus the series resistance plays a significant role 


at hl/*er oonoentration and its offoot beoones i4ss ks Sun 

illumination level is approached. T 
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Hie diode current; increases with, increasing illuiaination 
because of enhanced re coie bination and a reduction in the silicon 
band bending. At low vcaues of forward bias, the increase is 
primarily due to recombination currents. The bulk recombination 
current increases following an enhanced carrier generation rate 
all over the semiconductor, ilso the interface recombination 
current increases due to a reduced communication time of the 
minority carriers with the interface states [1]. The diode non- 
ideality factor n, for low values of forward bias increases with 
the concentration ratio from a value of 1.42 at 1.0 Sun to 1.62 
at 6.2 Suns. This indicates largo contribution from the recombi- 
nation current at higher concentration, iigure 4.16 presents a 
plot of increase in the diode current normalized to its value in 
dark against the concentration ratio 0 for device Au 21. The 
applied forward bias has been taken as the parameter. It can be 
soon that ■the diodo current at a certain applied bias increases 
linearly with the intensity of light and the increase is more for 
lower values of tho forward bias. A reduction in the silicon 
band bonding also contributes to tho increase in tho diode current. 
The reduction of tho zero bias silicon band bonding with illumina- 
tion has been experimentally verified by means of C8.pacitanco~ 
volt ago measurements. The l/C -Y plot for devices Au 21 and Ag 16 
have been presented in Tigs. 4.17 and 4.21 respectively and tho 
data obtained therefrom in Table 4.11. Also included in it are 
the data obtained from a similar plot for device Ai 20. The 
capacitance of tho device increases monotonleally with the level 
of illumination as the silicon band bonding decreases. This is 
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evident from the intercept on the voltage axis of these plots, 
which gives the value of 9 °. Por device Au 21, 9 ° drops from 
an initial value of 0,49 V at 1.0 Sun to 0.40 ¥ at 7.5 Suns. 

A higher silicon band bending of 0.52 Y at 1.0 Sun for device 
ig 16 is probably due to a thicker oxide [28] and is partly 
responsible for the larger opencircuit voltage for this device. 
However, with increased illumination level, the band bending at 
zero bias reduces rapidly and drops to 0.58 V at 2.7 Suns. As 
already discussed in section 2 . 5 , such a reduction in 9 ? can only 
arise from an increase in the oxide voltage due to increased 
interface state charge at higher intensities. CChe interface state 
charge increases with concentration due to a shift of the 
occupancy level towards the minority carrier band edge. This 
results in an increase in the diode current for moderate and high 
values of forward bias. 

ii.guros4.17 and 4.21 also show a change in slope of the 

1/C^ -¥ plot as the intensity of light is changed. Since the 

density of charge carriers in the depletion layer is inversely 

proportional to the slope of the straight line, it appears that 

with increasing illumination level its value also inesreases. This 

can be explained by saying that the minority carrier density under 

illumination goes up very much and modulate the carrier concentra~ 

tion in the depletion layer. Berry [15] found that in an abrupt 

p-n junction the density of injected carriers under illumination 

14 —5 

nay be as high as 10 cm . If similar effect takes place in 
case of An or Ag solar colls, then with increasing concentration 
ra,tio, an increase in the carrier density is expected. Table 4.11 
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2 

contains tho values of the density of charge carriers from l/C -Y 

14 — 

plots. For device iu. 21, this incrcaso from 8.4x10 cm in dark 
15 -3 

to 1.2x10 cm at a concentration of 7.3 Suns. Similar results 
have boon obtained from the devices in 20 and ilg 19. However, the 
value of much changed so tha.t the quantity 9 ? + 

varies essentially in the samo ri'^rnor as 9 ?. 
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Tabic 4 .10 ; Important experiraontal parameters of Au and Ag 
SB/MOS solar cells under concentratetd light • 


Sample 

t 

ox 

C 

n(I-ri=I ) 


V 

oc 




n 



I-Y 


-Y 

SC 








Dark 

Ilium 





0 

(A) 

(Suns) 


(m?) 

(mY) 

(mY) 

(mA/cm'*’^' 

) 

(%) 

Au 21 

10 

1,0 

1.41 

323 

335 

323 

22.6 

0.68 

4.9 

o 

• 

CM 

1.50 

342 

362 

340 

45.3 

0.68 

5.1 



3.0 

2.10 

348 

380 

345 

67.5 

0.66 

5.1 



4.1 

2.60 

352 

400 

350 

91.3 

0.65 

5.1 



5.1 

2.90 

35 4 

415 

350 

113.0 

0.62 

4.8 



6.2 

3.10 

355 

430 

350 

137.0 

0.59 

4.7 



7.3 

3.40 

355 

445 

350 

161,0 

0.59 

4.6 

Ag 19 

22 

1.0 

2.90 

466 

455 

432 

28.6 

0.63 

8.4 

2.1 

3.00 

490 

510 

480 

58.8 

0.63 

8.8 



2.7 

3.20 

507 

527 

492 

76.5 

0.65 

9.4 



1.0 


492 



27.2 

0.68 

9.8 



3.1 


511 



90.5 

0.64 

9.6 



5.0 


523 



144.0 

0.63 

9.6 

Ag 16 

24 

7.1 


532 



204.0 

0.62 

9.6 



9.2 


537 



266 .0 

0.60 

9.4 



10.5 


539 



305.0 

0.56 

8.8 



1.0 


307 



33.5 

0.60 

6.2 

Au 28 

13 

1.9 


322 



63.0 

0.54 

5.9 



2.9 


332 



99.1 

0.49 

5.5 



3.9 


337 



130.4 

0.43 

4.9 



5.0 


341 



165.2 

0.40 

4.6 



6.5 


347 



217.4 

0.35 

4.0 
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(Pat>le 4.U • Carrier concentrsation and silicon band bending at 
zero bias for Mi and Ag SB/MOS solar cells under 
concentrated light. 


►ample 

■^ox 

C 

0 

9i 

Carrier 

Con cent rati on 



7 

oc 


(A) 

(Suns) 

(7) 

(m-5) 

(7) 

(7) 

(m7) 

20 

10 

0.0 

0.50 

7.9x10^^ 

0.27 

0.77 




1.0 

0.46 

8.2x10^^ 

0.27 

0.73 




5.0 

0.42 

9.2x10^"^ 

0.27 

0.69 




5.0 

0.38 

9.9x10^^ 

0.27 

0.65 


An 21 

10 

0.0 

0.51 

8.4x10^^ 

0.27 

0.78 




1.0 

0.49 

9.1x10^^ 

0.27 

0.76 

323 



2.0 

0.49 

9.4x10^"^ 

0.27 

0.76 

342 



5.0 

0.48 

1.0x10^^ 

0.27 

0.75 

348 



4.1 

0.47 

1.0x10^^ 

0.26 

0.73 

352 



5.1 

0.45 

1 .1x10^^ 

0.26 

0.71 

354 



6.2 

0.42 

1.1x10^^ 

0.26 

0.68 

355 



7.3 

0.40 

1.2x10^^ 

0.26 

0 .66 

355 

Ag 19 

24 

0.0 

0.55 

1.0x10^^ 

0.27 

0.82 




1.0 

0.52 

1.1x10^^ 

0.26 

0.78 

466 



2.1 

0.48 

1.1x10^^ 

0.26 

0.74 

490 



2.7 

0.58 

1.2x10^^ 

0.26 

0.64 

507 
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4.3. r-iOia sol .vr polls at differ eiii; tenpor aturos 

4,3.1 Elovat oc T tonpemturo stud ies 

‘Thu results of studios nado on Au and Ag ^B/MOSi solar cells 
at different tenporatures alovo 300 are surmarized in Table 
4.12, Those data have boon obtained from the measured I-? cliara- 
ctoristiCG. The I-V diaractoriscics for devices Au 25 and Ig 47 
have been presented in Slgs, 4.24 and 4.25 respectively. In 
accordance with the theory, opencircuit voltage for all the cells 
goes doim as the temperature increases. This has been presented 
in Big. 4.26(a) ^Aiich also contains the variation of the fill 
factor with temperature for devices ig 47, Au 21 and Au 25. fig. 
4.26(b) contains the variatim of the shortcircoit cui’rent density 
and the efficiency with temperature fer these devices. The tempe- 
rature range of study was 301 to 398 °K for device Au 25, from 
305 to 364 for device Au 21, and from 305 to 408 for 
de'vice Ag 47. The maximum error in the measurement of the 
temperature was ± 1 °Iv. The opencircuit voltage for all the 
devices wont dom linearly with temperature, the rate being 
-1,83 m¥/°Iv for device Au 25 and -1.85 mV/°K for device Ag 47. 

The theoretically calculated value of -1.8 to -1.9 m7/°K for 

dV /dT slightly reduces when one considers contributions from 
0 o 

the term (kT/q, Jj^) (dJ;^/dT) in the expression for dV^^dT. 
Experimentally this has been found to be about 0.07—0.08 mV/ K. 
Even th-on tho p,grB oinBU't be't’WBBri tlis "bheory and experiiriBiit is not 
bad. Comparison of these data can be made with dV^^/dT = -2.3 
mV/^K as reported by Anderson et»al [20] for Al— p bi and 
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^ junction solar cells [19]. It can 

be seen thao ^qq changes by 51 percent for device Au 25 and by 

42 percent for device Ag 47 for about 100 °K rise in the cell 

temperature. Earlier Oolbrie et. al [23] had reported about 

73 percent ahange in Y of an il-p Si SSSC for an identical 

oc 

temperature range. For device Au 21, d7 /dT is about -1,6 mV/°E; 

oc 

and the dliange in is about 32 percent. The slight disagree- 
ment of d7^^/dT for this device V7ith the calculated value could 
have partly been due to a larger contribution from the term conta- 
ining Jjj^. Ho’jever, the fact that dV^^/dTof the.. c.ells'-; sttUdied- by- us 
is smaller than that reported b^'' others on SB as xirell as p-n 
junction solar cells, is certainl-jr of advantage for high tempera- 
ture operation. 

The shortcircuit current nersity for all the cells .-inci^eases 
linearly at *aie rate of 0.09 mA/cui^ But this may not be a true 

indication of the rate at which the light generated current of 
the cells inGi.*aases with temperature. This is because at* elevated 
temperatures, the shortcircuit current differs from the light- 
generated current as can be seen from the degradation of the fill ; 
factor x-jith temperature rise, iioxrcver, there can be little doubt ! 
about the inarease in the light-generated current as the tempera- | 
ture is increased. This has also been observed by others [19,20] ; 
and the reason, as indicated in section 2.4, could be an improve- 
ment in the xtiinority carrier diffusion length and the phonon 
density X'/ith temperature. The second factor causes an improve— ! 
ment in the absorption coefficient for silicon, inderson et. al ■ 
[20j reported art increase of 0*005 mi/ cm K for the shortcircuit 
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current on an Al-p iii cell of 1,1 cm^ area, fhis resulted in a 

chango of 11—12 percent for 100 rise in temperature* These 

values cannot really be ccMpared with the data obtained by us 

since their measurements were taken under an illumination of 20 mV// 
2 

cm • Increasing the level of illumination may have significant 

influence on the rate of increase of J as lias been observed in 

sc 

case of p-n junction solar cells [21]. 

For nil these devices, the fill factor decreases with 
increase in temperature, cf. Fig. 4.26. The decrease is not 
linear but slower for temperatures closer to the room temperature. 
At higher temperatures, the decrease is faster. Ai exact behavi- 
our of the fill factor with temperature is difficult to predict 
since this would depend on many factors including the series resis- 
tance, However, our results differ from those of Anderson et. al 
[20] who found a linear decrease of the fill factor with tempera- 
ture. The fill factor decreases partly because of the decrease 
in V following a rapid increase in the diode current and a 

wC 

simultaneous increase in ®be slope of the In Ip-V plot 

decreases with temperature. This also causes the fill factor to 
go down. Increased recombination currents also may contribute 
towards degradation of the fill factor with temperature by rounding 
off the knee of the Ip-'V plot. 

Fran Table 4.12, it can bo seen that device Ag 47, which had 
a good fill factor initially, showed a bettor performance at 
elevated temperatures. Thus for high temperature operation, one 
should see that the fill factor of the device is initially good. 
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in general, the factor n decreases with teraperature . For devices 
All 21 and Au 25 this holds good even for the lower values of 
forward bias where the current voltage relationship is exponential 
But for device Ag 47, n more or less remains constant, cf. iig. 
4»27« Such a behaviour of n X'h.th temperat'ire can arise from a 
change in the interface state density. ‘The band gap decreases 
a,t higher temperatures and may produce a, change in the interface 
state density. 

In this connection, it may be added that Anderson et. al 
[ 20 ] have concluded f 3 ‘om a similri* observation that field emission 
is the dominant mechanism of current transport. But since the 
temperature is not very low and the doping density not very high, 
field emission is not very likely to take place. 

It can be seen froa Table 4.13 that the values of 7 

oc 

obtained from the I|Q-7 characteristics under illumination closely 
match with the observed values. These values corresponding to 
the dark characteristics are much higher than the true 7 

o c 

because the diode current under illumination is higher at all 
temperatures than its value in dark. The reason, as explained 
earlier, is an increase in the interface state charge under illu- 
mination. The diode current increases with temperature mainly 
because of the factor T exp-[q((pj_+‘?'p)/kT] in its expression. But 
an added contribution to this can occur if the quantity 9 ? + 
decreases with increase in temperature. This con be ascertained 
from 1/C3^-7 plots at different temperatures. Two typical such 
plots for devices Au 24 and Ag 47 have boon presented in Tigs. 4. 28 
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and 4*29* Th® data obtained from these have been presented in 
Table 4*14 • In all cases, the silicon band bending at zero bias 
docroasGS at olcvp.tod tonipuratures . This c.an be due to a slight 
reduction in the silicon band gap, an increase in and an 
increase in tho interface state charge, iis a result, the device 
cp.paci tanco inci'Oascs at higher temperatures. The band bending 
under illumination is always loss than its value in dark, the 
reasons for which have already been explained. The density of 
charge carriers in tho depletion layer seems to vary slightly 
with temperature in some cases while for others it essentially 
remains tho same. 
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Table 4.12 : Important experimentally measured parameters of Au 
and Ag 3B/I’'iO> solar cells at different temperatures. 


Device 

^ox 


T 

" oc 


F 

Tl 


(A) 

(A) 

(°K) 

(mV) 

(mA/' cm'*’^ ) 


(%) 




305 

285 

27.1 

0.49 

3.7 

Au 21 

10 

64 

325 

254 

29.1 

0.49 

3.6 




344 

223 

31.2 

0.46 

3.2 




364 

192 

32.9 

0.44 

2.8 




301 

328 

30.5 

0.51 

5.1 

Au 25 

13 

50 

340 

264 

34.0 

0.48 

4.3 




367 

205 

36.0 

0.44 

3.2 




398 

159 

39.0 

0.37 

2.3 




305 

455 

23.0 

0.65 

,6.8 




350 

416 

26.0 

0.62 

6.7 

Ag 47 

22 

72 

359 

358 

28,6 

0.60 

6.2 




385 

313 

30.4 

0.55 

5.2 




408 

262 

32.0 

0.50 

4.2 


*^in ” mW/cm^. 
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Tabl6 4 •15 I n and from measured Ij^—V characteristics of 
Au and Ag GB/ iI03 “olar cells at different tempe- 
ratures above 300 °iv. 


iamplo 

^ox 

T 

n(I]5 



''oo 





Dark 

Ilium 

I-Y 


-V 


(A) 




(mV) 

Dark 

(mV) 

Ilium 

(mV) 



505 

2.47 

2.88 

285 

337 

285 

Au 21 

10 

325 

2.20 

2.47 

254 

295 

250 



344 

2.04 

2.23 

223 

265 

227 



364 

1.93 

2.21 

192 

247 

197 



301 

2.42 

3.00 

328 

385 

330 

Au 25 

15 

340 

2.36 


264 

318 

265 



367 

2.32 

2.66 

205 

275 

215 



398 

2.27 

2.33 

159 

215 

150 



305 

2.06 

2.55 

453 

475 

450 

Ag 47 

22 

330 

2.05 

2.43 

416 

440 

415 



385 

1.56 

1.89 

313 

335 

308 


Table 4.14 i Doping density, band bending, and barrier height of Au and Ag SB/M(B 
solar cell from measured capacitance at different temperatures above 
300 
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4.5.2 SB/MOS solar cells at 7 7 

Table 4*15 contains a sumeiary of the results of measurements 
at 77 on Au, Ag, and Cu SB and MOS solar cells. For comparison, 
the Gorre ponding -values at ^10 °K has also been included. ¥e 
shall first discuss the results on Au and Cu cells and then those 
on Ag cells. The I-?, and l/C^-V characteristics at 77 and 

300 °E for device Au 32 have been presented in Figs, 4.30, 4.31 and 
4,32 respectively. From Fig, 4#50 and Table 4.15 it can be seen 
that opencircxdt voltage for device Au 32 increased from 312 mV 
at 300 °K to 710 mV at 77 together with an improvement in the 
fill factor from 0,64 to 0,86. For device Au 40, which had a V^^ 
of 285 mV at room temperat-ure, the increase was similar, the 
opencircxiit voltage at 77 being 677 mV. It is worth noting 
that the change in V^^ for all the Au SB solar cells is in 
between 390-400 mV, This more or less equals the change in the 
term (kT/q) ln(Jj^/A*T^) in the expression of V^^, cf, equation 2.3. 
For an SBSO, this is expected from equation:(2. 3) since T°® osJ 1 and 
the change in V°° may be small. The values of were taken from 
the experimental observations. The value oi the fill factor for 
Au 40 increased from 0.62 at room temperature to 0.91 at 77 °E. 

At this point, it may be mentioned that an opencircuit voltage of 
710 mV and a fill factor of 0.91 are the highest values of these 
parameters reported on Si SB/MOS solar cells. This is an indica- 
tion that such high values are possible to obtain on Au-n Si cells 
and should this be possible at room temperature, it can be of 

great advantage. 
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!rii6 short circ'ui't cu.iren'fc dsnsity for all tlies© cells decrea-* 
ses at the lower temperatures. Also it is seen tlrnt, generally, 
the change is more for the device with a lower shortcircuit 
current at room temperature. There can be various reasons for 
the observed change in the light generated and hence in the short- 
circuit current. At such low temperatures as 77 °K, the values 
of the absorption coefficient for Si will decrease due to a 
decrease in the phonon density [28]. Further, as discussed in 
section 2.3» the diffusion length of the minority carriers will 
decrease at low temperatures. Also the silicon band gap increases 
as the temperature is reduced, thus affecting the long wave length 
response of the ceU. The aonuniform changes in the short circuit 
current may be due to different factors like formation of ice on 
top of the device. This will depend on the moisture content in 
the atmosphere. A better way of measurement at low temperatures 
would require the device to be put in an enclosure, evacuate it, 
and pass dry nitrogen or argon gas through it. 

The fill factor also improves very much at reduced tempera- 
tures along with This is in agreement with the measurements ; 

at room temperature indicating that higher fill factors are 
obtained with MOS solar cells with higher opencircuit voltages i 
than SB solar cells [1,8]. It has been indicated in Table 4.16 : 

that the series resistance of the devices as measured from the . 

I-? charaoteris tie’s in dark decreases at 77 This also contri- i 

butes towards an improvement of the fill factor. The overall , 

efficiencies of the devices undergo significant increase at the 

I 

lower temperature, as has been shown in Table 4.15. The 
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possibility of reducing thu diode current by several orders of 
magnitude at room tomperature witii a suitable interfacial layer 
has been indicated by Kar [28], Under these conditions, such 
device characteristics as at 77 may be expected. 

The diode current-voltage characteristics for device Au 32 
at 77 and 300 °K have boon presented in Pig. 4.31. Similar 
characteristics have also been measured for device Au 40. The 
important features to bo noticed in these plots are a significant 
reduction in the diode currents in dark as well as under illumi- 
nation and an increase in the value of n at 77 °e:. The forward 
Ijj-V plot for device Au 32 is exponential both in dark and under 
illumination with n equal to 1.50, cf. Pig. 4.31. Similarly, 
device Au 40 also has an exponential I^-V relationship with n 
equal to 1,12, At 77 °lv, as there is many orders of magnitude 
reduction in the diode current, the opencircuit voltage of the 
coll increases considerably. Table 4.16 contains the values of 
Voc obtained from Fig. 4.31 by reading the forrrard voltage at 
which the broken lines. representing the shortcircuit currents 
intersect the diode current t’uder illumination. The measured 

opencircuit voltages at 300 and 77 agree fairly well with 
as 

these valueSj/hao been indicated in Table 4.16. 

The reduction in the diode current is mainly due to a 
reduced thermionic component of the current. Hence contributions 
from the recombination current is expected to show up at 77 E. 
This is exactly what happens in this case. The values of n for 
both the devices increase at the reduced temperature, cf. Table 
4.16. But the increase is larger for device Au 32 which is 
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expected in view of its larger n at 300 Thus the increase in 

the value of n at reduced temperatures can be due to an increased 
recombination although there may be other factors responsible 
for it. 

It was pointed out in Section 2.3 that an increase in the 
silicon band bonding at reduced temperatures is due to a reduction 
in the value of 0^ and an increase^ in the silicon band gap. This 
reduces the diode current further in addition to the reduction 
duo to the temperature dependence. Figure 4.32 presents the 
measured 1/C -V plots for device Au 32 and the increase in the 
silicon barrier under illumination at 77 can be seen. tSiMlar 
plots have been obtained for device Au 40. The data obtained 
have been tabulated in Table 4.17. The value of 9? under illumi- 
nation for device Au 32 increases from 0.38 Y at 300 to 0,77 Y 
at 77 ^K. This is accompanied by a reduction in 0^;^ from 0.27 V 

at 300 °K to 0.06 Y at 77 °iC. The increase in 9? is hence partly ‘ 

because of the reduction in 0^ and partly due to an increase in 
the silicon band gap. For devices Au 40 and Au 32, the density ! 

of charge carriers under ill'-unination is slightly less at 77 , 

than at 300 °K. This can be expected because of reduced degree oi 
ionization of the impurity atoms at 77 i 

The results of measurements on device Cu 27 have been shotra; 
in Table 4.15. Measured I-V characteristics of device Cu 2? at , 
77 and 300 have been presented in Fig. 4.33. The low open- 

circuit voltage of 185 m? is expected because of the low barrier ; 

for Cu on n-Si than for Au or Ag. However, improvem'^nt of Y^^ 

I 

to 550 mV at 77 indicates that high opencircuit voltage can 
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bG obtaiaod from Cu SB solar cells under suitable conditions. 

The change in of 365 mV slightly falls short of the change of 
39o niV in the term (kT/q) ln( . if T / l, the mismatch can 
stem from the term containing oven if it remains unchanged 

in magnitude as the tomperatune is reduced. The fill factor also 
improves from 0.55 at 300 °;c to 0.81 at 77 The shortcircuit 

current density of 24.3 mA/cm^ at 300 is rather low. This 
could bo due to r. barrier metal la 3 -er thickness of 87 A and poor 
transmittance through this. The large reduction in its value at 
77 is compatible with the earlier observation in case of Au SB 
solar colls that a low shortcircuit current corresponds to a 
larger change in it at reduced temperatures. This can also be 
due to the formation of ice on top of the device at 77 The 

diode current-voltage characteristics as depicted in Pig, 4.10 
are influenced is a manner similar to those for Au solar cells. 

The ideality factor of 1*04 at room temperature increases to 3.0 
at 77 °K, The data obtained from Pig, .-4.10 has been presented 
in Table 4.16, Tho incroase in n can be attributed partly to an 
onhancod recombination current at reduced temperatures. Figure i 

4.12 shows a plot of l/C^-V under illumination .and at 77 for ' 

this device. The resxilts tabulated in Table 4.17 shotrs basically 

tho same trend as in Au SB solar colls. Ag MOS solar cells behave; 

( 

in a slightly different manner as the tomperature is reduced. The i 

I 

reason may be the presence of a thicker oxide layer than the 
devices discussed ealier. These devices have higher opencircuit : 
voltages at room temperature fhan Au or Cu SB solar cells. Buc 
at 77 ®K, tho increase in V^^ is not as high as that for the i 

In fact, it can be seen from Table 4.15 that the 


latter devices. 
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chang© in ^qq for devices Ag 35 and Ag 27 is around 170 mV 
that for device A;, 19 is 208 mV whereas the change in ' c, 
(kT/o)ln( Jj^/A*T ") is about 390 mV. The .'.discrepancy may partly 
be attributed to the changes in V®^ and the term containing 
in the expression for V^^, cf. equation (2.3). The changes in 
these terns are negative and they neutralize, to some extent, the 
change \n the terra containing The I-V characteristics for 

device Ag 27 have been presented in .Fig. 4.34. It can be seen 
that the improvement in the fill factor is also much less due to 
a small increase in V^^, A large increase in V^^ for device Ag 19 
corresponds to a larger increase in its fill factor. The diode 
current voltage characteristics for device Ag 19 have been 
presented in Fig. 4.35. The large difference between the diode 
currents in dark and under illumination may be due to contribution 
from the recombination current. A value of 2.1 for the factor n 
in the dark Ijj~V characteristic at 77 also indicates dominant 
recombination current. The reduction in the diode currents in 
dark as well as under illumination at 77 °Jr is not as large as 
that in case of Au or Cu cells. This explains the smaller 

2 

increase in 7^ for Ag solar cells. Figure 4.36 presents l/C -V 
oc 

plots for the device under illumination and the valuies of the band 
bending and the carrier density obtained therefrom are contained 
in Table 4.17. The carrier density at 77 is less than that 
at 300 due to reasons mentioned ^-earlier. Also the silicon 
band bonding imdergoes a large increase at 77 K accompanied by a 
decrease in the value of 0^ . The value of (9^ + 0^^) increases 
by 0.2 V fj-nd a corresponding decrease in the oxide voltage is 
expected. 



4*15; Experimentally measured parameters from SB/mCXa solar cells with 
different barrier metals at 300 and 77 °K. 
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Table 4*16 j Ideality factor, R^, and for SB/MC& solar cells with different 
barrier metals at 77 and 300 °K, 
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5* CO NCLUS IONS 


Sohottky barrier and MOS solar cells were fabricated on 
single crystal n-type silicon with Au, Ag, and Cu as the barrier 
metals for stiidy under concentration and at different temperatures. 
The gold SB cells, which generally showed opencircuit voltages in 
the vicinity of 300 mV, had low series resistances sind fill factors 
greater than 0*60, The increase in the opencircuit voltage was 
accompanied by nn increase in the zero bias silicon band bending. 

In case of devices showing near ideal diode current-voltage rela- 
tionship, the values of 9 ° found from the reverse saturation 

p 

currents vrere close to those obtained from l/C -V plots.' Por 
these devices alone, the value of n and 9 ? under illumination 
could be used to calculate the value of V^^. The agreement in 
many cases with the observed values was not bad. The diode current 
under illumination was always found to be greater’ than that in 
dark. This is due to increased recombination currents and a 
reduction in the zero bias silicon band bending under illumination 
following an increase in the interface state charge. The value 
of n at opencircuit was always found to be greater than or equal ; 
to its value in dark. All these are in accordance with the earlier' 
findings of Kar et al.[l 3 . 

High opencircuit voltages in the range of 450-500 mV were 

obtained for Ag MOS solar cells. In many cases, the fill factor ; 

; 

was also good along with hx^ ^oc*' silver films had high 

transmittance as revealed by the shortcircuit current densities. 

I 

Better electrical properties of the devices were obtained witn hig'h 
deposition- rates of the harrier metal layer. The silver devices 1 
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in general had high efficiencies, ishe highest being 9.8 percent 

without any MIC under 1.0 Sun. This compares well with the 

values earlier reported in the literature [1,8]. The diode 

current -volt ago characteristics for most of these devices 

deviated very much from the ideal behaviour with no exponential 

regions present. The zero bias silicon band bending showed an 

increase with the oxide thickness. The copper SB solar cells 

had loir opcncircuit voltages but could be somewhat improved by 

introducing an intorf.acial oxide layer grown at room temperature. 

Tho short circuit current density was also low for these cells. 

The fill factor \*as generally around 0,55 because of low V . As 

o c 

a result, tho efficiency was low, the maximum obtained at 1.0 Sun 
and without ARC being 2,5 percent. The zero bias band bending in 
silicon increased with the oxide thickness and the behaviour of 
the diode current-voltage characteristics in dark and under illumi- 
nation was essentially tho same as that for the gold devices. 

Higher ehortcircuit current densities could be obtained with a 
suitable ARC and higher opcncircuit voltages with better (Quality 
oxides. 7ith t 'ese improvements, Cu solar cells may prove to be 
attractive. 

Based on the coll performance under 1.0 Sun illumination and 
at room temperature, Au and Ag solar cells were chosen for study 
under concentrated light and at elevated temperatures. On MOS 
solar cells, concentration studies have not been carried out so far 
These studies were useful in understanding the operation of MOS 
solar cells under concentration and in getting an indication of 
their performance under concentrated light. The cells were 
exposed to increased levels of illumination, however, they did not 



have the bonofit of any special design which help in effective 
collection of the photocarriere, reduce the series resistance of 
the device, and have found to be essential in case of p-n 

junction solar cells for use under concentrated light. In 
absence of those, the experimental data obtained give only an 
indication of the feasibility of operating these cells under con- 
centratod light and do not indicate their maxiiauiii effectiveness 
under such conditions. Tho experimental data Indicated the 
following. Tho opcncirciiit voltago of all the devices increased 
with concentration bocause of multiplication of The increase 

was rapid in tho begining and slowed down at higher concentrations. 
This was found to be due to an increase in the diode current of 
the device as revealed by the measured diode current -volt age 
characteristics. Tho measured plots of l/C vs V indicated that the 
increase in diode current was duo to a reduction in the silicon 
band bonding with concentration following an increase in the inter- 
face state charge. Thuo if tho interface state density can be 
reduced by caroful fabrication steps, one can expect to 
increase noro rapidly even at high concentrations. The fill 
factor in most of the cases decreased slowly with concentration and 
in one device incroasod slightly at higher concentrations. The 
decrease in tho fill factor is due to the series resistance and 
increased recombination under concentrated light. Smaller inter- 
face state density would reduce recombination current and an 
optimal grid contact, the series resistance. Thus the reduction 
in the fill factor can be brought down by having careful fabrica- ; 
tion and a proper contact. This automatically would cause the 
efficiency to improve with concentration, as has been found in ; 
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case of p-n junction solar cells. In the present invest! gat ion > 
the efficiency of tho ilevicos went down slightly at higher 
concontr' *tions <.nci for soitto of the devices, it went through a peak. 
Those preliroinery studioo oi ,.0S solar cells under concentration 
mako it clear that with nodifications, as mentioned in the 
foregoing, these colls «'iil he able to porforra as satisfactorily 
ns p-n junction solar colls under concentration. Prom 1/C^-V 
plots it appoarn that Lhu carrier concentration in the depletion 
region incrorisea Mith concentration. This may bo due to added 
contribution from tho uxcoss minority carriers in the depletion 
rogion to the ionised donors. The capacit.inco at higher concen- 
tration incroasos duo to reduction in the depletion layer width 
following a reduction In tho silicon band bending. 

Tho effect of elevated tomporaturos on the solar cell chara- 
cteristics was found to degrade them, bringing about a reduction 
in the overall officiency of tho coll. This was because the open- 
circuit vol trigs of tho dovico wont down rapidly with temperature : 

because of iui incrotasu in tho diode current, Tho rate of I 

decroaso ”as found to bo -l.T-O to -1.85 mV/°K. This is much less 

( 

compared to tho data earlier reported in the literature on both ^ 
p-n junction and HOS solo.r colls and certainly is of advantage. 

Tho fill factor shoirod a reduction at elevated temperatures. This ’f 

I 

was partly compensated for by an increase in the shortcircuit j 

current with temperature. The rate of increase was found to be , 

0.09 mA/cm^/°K for all the devices and indicated that it was the ■ 
bulk silicon properties that wore effected by the temperature. i 
The reasons are an increase in the phonon density leading bo an 
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improvement of the absorption coefficient, an increase in the 
diffusion length and a slight reduction in the silicon bandgap. 
However, the increase in the short circuit current was outweighed, 
by the reduction in and F. 'fho officioncy of the cell was 
thus reduced at elevated temperatures, the exact nature of varia- 
tion being dictated by all those factors. The temperature range 
of useful operation was found to bo 300-330 and with further 
modifications, it should not be difficult to have cells which 
can operate without much deterioration in the temperature range 
of 300--350 ®K. Tho value of n in some of the devices has been 
found to go down with temperature. The diode current under 
illumination has been found to be greater than that in dark at all 
temperatures. Tho zero bias band bending in silicon decreased at 
higher tem.Graturos due to a reduction in the silicon band . 
gap .and cja increase As a result, higher capacitonce was 

obtained at higher temperatures. 

The mer.suromonts at tho liquid nitrogen temperature on Au, 

Ag, and Cu solar colls revealed that the device characteristics 
improve at low temperaturea. The opencircuit voltage for gold 
and copper SB solar cells inoroasod by a large amount while for 
silver solar colls, tho increase was smaller. The increase in 
for gold and copper solar colls was found to he more or less 
equal to the change in tho term (kT/q) ln(Jj_/A T ) in the expre- 
ssion for Yqq» cf. equation (2.3)- fo^' silver HOS solar cells, 

the increase in was less, being partly neutralized due to chan- 
ce 

gos in and T°°, The fill factors for gold and copper solar 
OiX 0!X 

cells aXso showed vast improvement at 77 whereas the corres- 
ponding change for silver solar cells was less. As expected, the 



the shor ..circuit current density went dovm for all the devices. 

The diode current went down by several orders of magnit\:ide for 
Au and Gu nolar cello* But the decrease was smaller for Ag 
solar cello. T’.’.e value of n, in ;cneral, increased at 77 °]I 
relative to itn v i.luo at 300 *^11, probably due to increased 
contribution from the recombination current at lower temperatures. 
The zero bias silicon band bending increased at the reduced 
temperature due to a doc. case in an increase in the silicon 
bandgap, and a decreauc in Die Interface state charge. The 
device capacitance docre.nsed as .i consequence. The overall 
efficiency of the devices generally increased significantly at 
77 the chief reason being a reduction in the diode current 

due to a reduction in the temperature. 

The measurements .at 77 °K indicate that if the diode current 
can be reduced at room temperature by many orders of magnitude by 
an optirar.a design of the interfacial layer, very high ovencircuit 
voltages, fill factors, and efficiencies can be achieved for MOS 


solar cells. 



i:ihj.iogiukiy 


81 


X « 


2 . 


3. 


4. 


5. 


j, ’Car ot al, 
.ji.mal Kijport, 
(1977). 

J, OUIV.'-OC, ... 

J,", .;«a,Vf?r, *? 

barrier dj oduo 


*r.abrication 
ProJ-'rct * 0, 


or Silicon .!0S solar ceDJLs', 
:^'L/.;.;/SK/75-77/35, I.I.T. Kanpur 


7<‘cr,. V.ieris, 1,1,7, (anpur (1977). 
crtOnancQ o. Carrianima and Silicon surface 
a~p.’rt.:c3o apectrooeters ' , J. Appl, Pliys. 


30, 1937 (1950). 

3» .allot roi*i nrt • Tfartncr, ’Silicon surface barrier 
'-aotocollo * , J, Ap .X, Tiyo, 53, 2502 (1952). 

G, aupprocht <>nc! Pairipanini, Proc. 4th IllOJ Photo. Snec. 
Conf. , 3-3-1 (1954). 


6. l.’.A, /uidornon and A, I. Dclahoy, ’Schottky barrier diodec for 
solar energy co.ivornion', Proc, 13310, 60, 1457 (1972). 

7. I),U. Lillington and 7,C. ITownsond, 'Effects of interfacinl 
layers on tho ^ orforranco of silicon ScUottky barrier solar 
coils', Appl, Phys. 'iOti:, 28, 97 (1976). 

8 J.P, Ponpon and P, Si^'.'ert, ‘Open-circuit voltage of FIIS 
silicon solar cjIIo', J, Ap”l. Phys. 47, 3248 (1976). 

9. A.H.n. ;appornjan exJ^ 3.... 0r.iar, 'Inproved efficiency of LHS 
silicon solar colls by IIP traatnent of the oside layer’, Appl. 


10 . 

11 , 


Phys. Lott. 2C, 621 (1976) 

’/.A* ilnd arson and H. A. ilil-oiio, 'I-V 
silicon Schottky no3 ar cells’, Proc 
3. X'abre, J. /iichel and Y. Baudet, 
in iilS silicon solar cells', Proc. 
Oonf. , 904, IJ33J, dew York (1976). 


characteristics for 
. IFI3J, 63, 206 (1975). 
’Photocurrent analysis 
12tli Photo. Spec. 



82 


12. A. Child.3, J, Portuna, J, Geneczlco and S.J, Ponash, 'MIS 
solar colls; thoorjf and ox 'orimental results', Proc. 12tli IIIIE 
Photo, Spec, Coni’, 862 (1976), 

13. S, Kar, 'Characterization oP silicon liOS tiuinel diodes', 

IlDi’i I’ociiiiical Di£,est, 7S, IIjP3 (:.'Y) (1976). 

14. 12th lilAl Photovoltaic Specialists Conference Rocord, 
pV’.Ghington, D.G, (1973). 


15. U»ji. I)or..'y, 'Photovoltaic shortcircuit minorit 3 ^ carrier 
injection*, Appl. Pliys, ."ett, 25, 195 (1974). 

16. A.xi. Ilooro, 'Short “Circuit capacitance of illuminated solar 
cells', Appl, Phys. Lett, 27, 1 (1975). 

17. R. L. Anderson, 'Photocurrent suppression in liotero junction 
solar cells', Appl. Phys. Lett, 27, 691 (1975). 

18. F. J. Bryant and R.’J. Glow, 'ihmlysis of the current voltage 
charactoristics of Cadmium Sulphide solar cells -under varj^-ing 
li^it intensities', Lnorgy Conversion, 14, 129 (1975). 

19. I.'f, ilulo, 3,Y. Harmon, 0.3. Bacluxs and D.L. Jacobson, "Me 
testing of specia.lly designed silicon solar cells under high 
sunlight ill-umination' , Proc. 12th iMiOl Photo. Spec, Coiif . , 
744, IfiLB, New York (1976). 

20. S.M. Yernon and U.A. /uiderson, ' -ieuperature effects in 
Schottky harrier silicon solar cells', Appl, Phys. Lett, 2o, 


707 (1975). 

21, J,D, Bandstrom, Proc. 3th lETilE Photo. Spec, conf . , 199 \,j-9o7) 

22, U,A. Anderson, S.i-I. Vernon, A.L. Delahoy, J.K. ICim and 

P. Hathe, 'Factors which ’iaxijnize the e-fficiencs’- of Cr-p Si 
Schottky (MIS) solar cells', J. Vac. Sci. Technol., 13, 11 5S 

(1976). 



83 


23. 

24. 

25. 


Colbrio, R, '’/ichnor and ja.J, Cliarlson, 'Tomperatirre 
dUt'jndcnco of the photovoltaic performance of Si cells under 
blue, white \nd near b -.nd irradiation; Proc. 12th IEEjZ 
P’ oto. 'Jpoc, i:on''., 40 {101 S). 

D. n, ihilfrcy, 'fhotovolt dc ^ovqt (renor':tion, ' ?.an Nostrand 
.’einhold ; Ilo'i; York (1S78), 


5.J. I'onash, h)u.lxinG and comparison of the possible effect's 
roaent in .t 'net.' l‘*t .in xiln insuL-vbor-soraiconductor solar 


coll! 


Appl. 


3597 (1976). 


26. il.o* .Inrd and hllli-Scliottky tneory under condi- 

tioay of optic. ■! ;;oiioration in solar cells', Appl. Phys. 
nett. 29, 51 )(1976). 


27. S. Kar, ' jfx'ecta of interface states, tunneling and metal i'n 
silicon iiOO solar coils', Lhhu I’eclmical Digiest, 56A, 
haahington D.C. (1977). 

20. S, h.'ir, 0. bhan'.er, S.P. Joolii and 8. Bhattacharya, 

Mxporimont'd and theoretical study of silicon I40S solar 
coils vdth tlifforont barrier notals', Proc. 13th lEBE Photo. 


8pcc. Conf . , (1973) 

?9. S. liar, ' :xpcrimental study of intorfo.ee properties of hOS 
tunnel devices', Proc. I'-.th IliB.. Photo, Spec. Conf . , 922 
(1975). 

30. ..,J, liovcl, 'Solar colls, Soniconductor and Semimetal 
series, Vol. 11, Ch. 8, Academic Press s Lieu York (1975). 

31. II. P. 1/olf, 'Silicon Semiconductor data', P.25, 87 and 111 
Porgamon Prose (1969). 



84 


32. B* Roos and J*R» Kadigan, *Themal generation of recombina- 
tion contrca in allicon', Thys, Rev, 108, 1428 (1957). 

33. P,G. Wilkinaon, 'Littico (liatortion spectrum of evaporated 
Au', J. Appl. riiyo. 22, 419 (1975). 

34. H. Jacgor ot .'il, 'Nucloation and growth of silver films 
deposited on mica aubstmtes in ultrahigh vacuum’, Surf. 
Scionce, 11, 265 (1968). 

35. F. i-ukos, ‘Oxidation of Ui and GaAs in air at room tempera- 
turo ' I Surf. Gcionco, 50, 01 (1972). 

36. ii.J. Cliarlaon .uid J.C, liun, 'An .J.-p Silicon MOS photo- 
voltaic coll', J. Appl- Phys. 46, 5982 (1975). 

37. Chandra Gorudia, ilonald Ziogman and Bernard L. Sater,' . 
Charactoristics of high inbonsjty edge-illuminated multi- 
junction solar colls - Experimental results and theory', 
Proc. 12th IRiJl Photo. Spec. Conf., lEBB (1976). 

58. S. ICar, 'Interface charge characteristics of MOS structures 
with different metals on steam gTO\m oxides', Sol. St. 3i.lec 

13, 725 (1975). 


I 



85 


fig. 2. 2 

Pig. 3.1 

Pig. 3. 2 


Pig, 4.1 


Pig. 4. 2 


Pig. 4. 3 


Pig* 4. 4 


Pig. 4. 5 


Pig. 4.6 


List of _Pigui;es 

wnergy band diagraa of Schottky Barrier solar cell on. 
n-type silicon under illuiaination and at short circuit . 
Lnerg^ band di; grar. of .m TiOS solar cell on n—t 3 / 3 )e 
silico.i under illu’.''lnation and at an operating voltage T. 
Sccuence of the fabrication steps for SB and MOS solar 
cello. 

<.-ircu,i.t diagram of the set~up used for measuring 

(a) fturrent~volt.;.go characteristics of solar cells, 

(b) diode current-voltage clmracteristics in dark and 
und or illunination , 

(c) capacitance-voltage characteristics of solar cells. 
Heaonred light transmission vs thickness of gold films on 
glasn slides. 

heasiired current-voltage characteristics of some 
tyjdcal All solar cells. 

Measured diode current-voltage characteristics of 
device Au 21 with Au front contact and 10 i thick oxide. 
The broken line represents the shortcircuit current, 
heasured diode curient -volt age characteristics of 
device Au 29 with iu front contact and 13 X thick oxide, 
i'he valves of n at various values of the bias have been 
indicated, i'he broken line represents the shortcircuit 
current . 

Measured l/C^ vs IT characteristics of devices Au 15 and 

Am 29. 

Measured current-voltage characteristics of some 
typical Ag solar cells. 
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Fis* 4« 


x-’i6;.4.9 


Fi^,-.4.7 Measured diivio current -volt age cliaract eristics of device 
Ag 15 «it:^ As front contact and .:24 A thick oride. The 
brolcen line ‘oprccenta the chortcircuit -current. 

Mo.isur'tl a/C*- /o V characcoris-bics of devices Ag 16 and 

21. 

lie isurod cun'cnt-volta^e characteristics of -erro typical 

•.'U DOl T coll !5, 

rig. 4.10 /jer-.iiur.rd hiudu ci-rrent--vol bage characteristics of device 
On 27 •.•ith 10 /. th.lc': o.dclo at 300 and 77 °II. The 
broken. IL-jco rc^ resunt the shortcircuit currents at the 
tvro temper .turcs. 

Fig. 4.11 hoacurod diode current- -voltage characteristics of 

device Ou 13 vith 20 X t’lick oxide. The broken line 
ropronar.tn t.ie sjhortcircuit ciirrent. 

Fig. 4.12 Iloa.'iured 1/n^ vs V charactorlotics for device Cu 27 at 
30‘'' -’nd 77 

Fig. 4. 13 Measured cur.ent-voitage characteristics under concen- 
tration of device Au 21 T/ith 10 2 thick oxide and Au 
front contact. 

Fig. 4.14 Vari .iion of Iho opcncironit voltage, the fill factor, 
and Uio i:fficio.icy .or device Au 21 vith the concentra- 
tion r.ntio. 

Fig. 4.15 Ileauurod d.ia’.u current -voltage charo,cteristics of device 
All 21 at; varicvs li:,.ht intensities. 
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4« I’'!’ A plot of YS the concentration ratio for device 

Au 21 at different values of the ap:lied bias. A is 
the increase in the diode current relative to its value 


Ijj in d^'.rk. 

i'i^-,#4.17 iiensurecl 1/C vs ? characteristics for device Au 21 at 
ililherent illumination levels. 

rij. 'I-lf' Jieasurod current-voltage characteristics at various 

0 

illu’uination levels for device Au 28 with 13 A thick; 
oxide and Au front contact. 

i'ici.4.i9 Measured current-voltage characteristics at different 

0 

illuaination levels for device Ag 19 with 22 A thick 
oxide and Ag front contact. 


fig. 4.20 Meaeured diode current-voltage characteristics of device 


Ag 19 under concentrated light. 

fig. 4.21 Measured l/G^ vs 7 characteristics of device Ag IS under 
concentrated light. 

Pi^j, 4.22 Measured current-voltage cho.ract eristics luider concenfcx'a- 
tion of device Ag 15 with 24 2. thick oxide .i?id iig front 


Tig. 4-23 


Pig. 4. 24 


Pig. 4.25 


contact. 

Variation of the opencircuit voltage, the fill factor, 
and the overall efficiency of device Ag 15 with the 
concentration ratio. 

Measured current-voltage characteristics at 301, 340, 36' 
and 398 of device Au 25 with 13 ^ thick oxide and x^u 

front contact. 

Measured current-voltage characteristics^at 305, 330, 35 
385, and 408 of device Ag 47 with 22 A thick oxide 
and Ag front contact. 
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Pig. 4. 2o 


PiL 


Li» 


4.27 


..■'ig* 4. 28 

Pig. 4. 29 

a.lg. 4. 5^- 


Variation of the opencirc'ait voltage, the short circxiit 
current density, the fill factor, sjid the efficiency 
with tenperature for devices lu 25, Au 21, and Ag 47. 
'.easured diode current -volt age characteristics at 305 ^ 

330, and 385 of device Xj 47. Ihe dotted lines 
re tresent the shortcircult ctirrents at these temperatures. 

p Or* 

iiensured l/C vs V characteristics at 317 and 370 K of 
device Au 2^ in dark and under illumination. 

p Q 

1-ieasiired l/C ‘ vs V characteristics at 305 and 385 K of 

device Ag 47 in dark and under illiimination. 

lieasured current-voltage characteristics at 300 and 77 

0 

of device Au 32 Trith Au front contact and 10 A thick 


oxide. 

fig, 4.31 :ieasured diode current-voltage characteristics at 300 

and 77 ^!C of device nu 32. 'fhe dashed lines represent 

the shortcircuit currents at the two temperatures. 

Pig. 4.32 Measured l/C^ vs V characteristics of device lu 32 in 

dark and under illumination 8.x oOO K and under 

o 

illumination at 77 

Pig. 4.33 lieasured current -volt .'ye characteristics at 77 and 300 u 
of device Cu 27 uitli 10 i tlnick oxide and Cu front 

contact . 

Pig, 4.34 Measured current-voltage charactoristics at 77 and 300 
of device 2*6' 27 with 24 ° thick oxide and Ag front 

contact. 
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".4.35 iiOasurod diode current -volt age character! ctics of device 

/ig, 19 at 30u md 77 in dark and under illuDiination. 

P 

^,,4.33 ..e.icured 1/C‘ vg V characteristics under illumination 
t 77 or device ^ 27. 
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